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ABSTRACT

Anti-apoptotic MCL1 is one of the most frequently amplified genes in human
cancers and its elevated expression confers resistance to many therapeutics including the
BH3-mimetic agents ABT-199 and ABT-263. The anti-malarial, dihydroartemisinin
(DHA) translationally represses MCL-1 and synergizes with BH3-mimetics. To explore
how DHA represses MCL-1, a genome-wide CRISPR screen identified that loss of genes
in the heme synthesis pathway renders mouse BCR-ABL+ B-ALL cells resistant to DHAinduced death. Mechanistically, DHA disrupts the interaction between heme and the
eIF2α kinase heme regulated inhibitor (HRI) triggering the integrated stress response.
Genetic ablation of Eif2ak1, which encodes HRI, blocks MCL-1 repression in response to
DHA treatment and represses the synergistic killing of DHA and BH3-mimetics
compared to wild-type leukemia. Furthermore, BTdCPU, a small-molecule activator of
HRI, similarly triggers MCL-1 repression and synergizes with BH3-mimetics in mouse
and human leukemia including both Ph+ and Ph-like B-ALL. Lastly, combinatorial
treatment of leukemia bearing mice with both BTdCPU and a BH3-mimetic extended
survival and repressed MCL-1 in vivo. These findings reveal that the HRI-dependent
cellular heme-sensing pathway can modulate apoptosis in leukemic cells by repressing
MCL-1 and increasing their responsiveness to BH3-mimetics. This signaling pathway
could represent a generalizable mechanism for repressing MCL-1 expression in
malignant cells and sensitizing them to available therapeutics.
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CHAPTER 1.

INTRODUCTION

BCL-2 Family
The BCL-2 family of proteins regulates the intrinsic pathway of apoptosis through
a balance of pro- and anti- apoptotic members [1]. In the presence of a cellular stress the
pro-apoptotic BH3-only proteins, such as NOXA, PUMA, or BIM, are activated. These
proteins then bind to specific anti-apoptotic proteins, such as MCL-1, BCL-2, or BCL-xL
[1]. The inhibition of the anti-apoptotics by the BH3-only pro-apoptotics allows for the
pro-apoptotic effectors, such as BAX and BAK, to become activated. Upon activation,
BAX and BAK oligomerize and generate pores in the outer mitochondrial membrane
(known as the point of no return), allowing for cytochrome c release (Figure 1-1B) [2].
Cytochrome c, along with APAF1 and Caspase 9, then form the apoptosome. The
apoptosome activates procaspase 3; the activation of these caspases then leads to
proteolysis and eventual cell death [1].
All members of the BCL-2 family contain BCL-2 homology (BH) domain(s).
The anti-apoptotic members (BCL-2, BCL-xL, MCL-1, BCL-W and A1) and the proapoptotic effectors (BAX, BAK, and BOK) share BH1-4 domains. The pro-apoptotic
BH3-only proteins (NOXA, PUMA, BIM, BID, BAD, BMF, HRK, and BIK), contain
only the BH3 domain (Figure 1-1A) [2]. The pro-apoptotic proteins bind to antiapoptotic proteins with different affinities [3]. For example, NOXA binds only to MCL1, but BIM, BID, and PUMA, can bind to all the anti-apoptotics [3]. These domains and
interactions are important when it comes to the role the BCL-2 family plays in cancer and
has informed how we can target this family, especially when it comes to drug design to
target specific proteins [4].

BCL-2 Family in Cancer
The BCL-2 family is known to play a role in many types of cancer, including both
solid tumors and hematological malignancies [5]. The resistance to cell death is one of
the hallmarks of cancer as described by Hanahan and Weinberg [6], so as one can
imagine, misregulation of the BCL-2 family can lead to the development of cancer. In
fact, the association of members of the BCL-2 family and cancer dates back as far as the
1980s [7, 8]. The upregulation of anti-apoptotic proteins can occur through multiple
mechanisms including translocations [9], gene amplifications [5], and increased gene
translation [10] all of which can lead to the initiation or survival of cancer cells.
Another important role the BCL-2 family plays in cancer is in the sensitivity to
cancer therapeutics. Montero, et al. showed that silencing MCL1 sensitized a variety of
cancer cell lines to their respective targeted chemotherapeutic, including BRAF, CKIT,
EGFR, MET, and ALK inhibitors [11]. This group went on to show that this was
because these drugs lead to the destabilization of NOXA mRNA, which generates a
dependence on MCL-1 [11]. This highlights the way in which interactions between
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Figure 1-1. Regulation of apoptosis by the BCL-2 family
(A) The BCL-2 family of proteins is divided into three groups based on their functional
role in the regulation of apoptosis and the number of BCL-2 homology (BH) domains
they bear. (B) The BCL-2 proteins regulate the permeabilization of the mitochondrial
outer membrane (MOMP) and apoptosis through a specific network of heterodimeric
interactions. Reprinted with permission from Springer Nature. Pihan, P., A. CarrerasSureda, and C. Hetz, BCL-2 family: integrating stress responses at the ER to control cell
demise. Cell Death Differ, 2017. 24(9): p. 1478-1487.
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members of this family are important in drug sensitivity. Other examples of the role of
the BCL-2 family in drug resistance have been seen in neuroblastoma, where silencing
MCL1 sensitized neuroblastoma cells to standard chemotherapeutics (etoposide and
doxorubicin); and osteosarcoma, where suppressing MCL-1 sensitized cells to cisplatin
and doxorubicin [12, 13]. It is also known that MCL-1 can play a role in resistance to
drugs aimed at targeting other members of the BCL-2 family [14]. Because the
upregulation of anti-apoptotic proteins is known to be involved in both the initiation and
survival of cancer cells, and that this protein family is involved in chemo resistance, there
have been efforts to specifically target this pathway.

Targeting the BCL-2 Family
BH3-mimetics are a class of drugs designed to target the BCL-2 family. As the
name suggests, they mimic the BH3-only proteins and bind and inhibit the anti-apoptotic
proteins. The first BH3-mimetic developed was ABT-737 which targets BCL-2, BCLXL, and BCL-W [15]; years later, this was further developed into ABT-263 (navitoclax)
which targets the same proteins with improved pharmacokinetics [16]. ABT-263 was the
first BH3-mimetic to reach the clinic; after promising pre-clinical results it was found
that it induced a dose-limiting toxicity of thrombocytopenia due to the on-target
inhibition of BCL-XL [17]. ABT-199 (venetoclax) was then developed to target BCL-2
specifically and was the first BH3-mimetic to gain FDA approval. Venetoclax was first
approved for the treatment of adults with chronic lymphocytic leukemia (CLL) with a
17p deletion, who had failed prior therapy in 2016. Venetoclax has since been approved
for the treatment of CLL (with or without 17p deletion) and small lymphocytic
lymphoma (SLL), and in combination with other chemotherapies in adults with acute
myelogenous leukemia (AML) [18].
Development of MCL-1 inhibitors has been slower, partially because it is more
challenging to target the surface features and it has a long shallow hydrophobic binding
pocket [19]. The first selective MCL-1 inhibitor reported to have in vivo activity was
S63845 in 2016 [20]. Some MCL-1 inhibitors, including S63845 (MIK665), AMG397,
AMG176, and AZD5991 have reached clinical trials, for treatment of patients with
various types of cancer including multiple myeloma, AML, non-Hodgkin’s lymphoma,
and diffuse large B-cell lymphoma [21, 22]. Although the pre-clinical data was
encouraging the clinical trials have experienced some setbacks, as the trials on both
Amgen inhibitors (AMG176, and AMG397) were placed on hold due to safety concerns
of cardiac toxicity. Cardiac toxicity should not come as too much of a surprise due to the
known role of MCL-1 in cardiomyocytes [23, 24]. The difficulty of MCL-1 specific
inhibitor development coupled with the possibility of on-target toxicity highlights the
need for alternative strategies to target this protein.
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MCL-1
Just as other members of the BCL-2 family are involved in cancer, MCL-1 is no
exception. MCL1 is one of the most frequently amplified genes in human cancer [5];
highlighting the importance of mechanisms to target it. Although MCL-1 is most
commonly known as an essential anti-apoptotic protein, it does have other functions aside
from is role in apoptosis, which raises concern for possible toxicities associated with
direct inhibition of the protein. As mentioned above, MCL-1 is known to be important in
cardiomyocytes. Using a cardiac specific inducible Mcl1 deletion model, it was shown
that deletion of Mcl1 in the adult mouse cardiac muscle induced fatal cardiomyopathy
within weeks of deletion [23, 24]. Further, this need for Mcl1 in cardiomyocytes was not
solely due to apoptotic functions; when Bax and Bak were deleted in combination with
Mcl1, although there was some rescue of the lethality, there were still mitochondrial
abnormalities. These abnormalities included fragmented cristae structure as shown by
TEM, and respiration defects as shown by the oxygen consumption rate.
MCL-1 is also known to be involved in various processes in different tissues. It is
required for the survival of hematopoietic stem cells and deletion of Mcl1 results in the
ablation of bone marrow [25]. MCL-1 has also been shown to be involved in various cell
types of the immune system, including the survival of B and T lymphocytes [26], the
survival of activated B cells and memory B cells [27], and the survival of natural killer
cells [28]. Another important function of MCL-1 is seen in hepatocytes; the loss of Mcl1
in hepatocytes was shown to induce liver damage and resulted in smaller livers compared
to littermate controls and fostered the formation of hepatocellular carcinomas [29].
These roles of Mcl1 in various cell types suggest a major barrier in the direct inhibition of
MCL-1 due to possible heart, liver, hematopoietic, and immune complications.
Because the direct inhibition of MCL-1 may trigger unacceptable toxicities, it is
important to find other ways of targeting this protein. One aspect of MCL-1 that is
different than the other anti-apoptotic proteins is that it has a much shorter half-life. The
half-life of MCL-1 is estimated to be around two hours where BCL-2, BCL-W, and BCLXL have half-lives of around 20 hours [30]. This suggests that a drug which could
prevent the synthesis of MCL-1 would result in the rapid repression of the protein due to
its rapid degradation. A number of studies have identified alternative strategies to target
MCL-1 indirectly, one of which is through cyclin-dependent kinase 9 (CDK9) inhibition.
CDK9 is a regulator of transcription, and it has been shown that the CDK9 inhibitor
AZD4573 results in the rapid repression of MCL-1 and induction of apoptosis in a panel
of cancer cell lines [31]. Another example of alternative ways to target MCL-1 includes
the repression of translation by the anti-malarial drug dihydroartemisinin [32].

Dihydroartemisinin
Dihydroartemisinin (DHA) is an approved, well tolerated, artemisinin-based antimalarial drug [33]. Artemisinin is derived from an ancient Chinese herbal medicine; the
sweet wormwood plant Artemisia annua was used as a Chinese herbal medicine for
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patients with fever dating back 2000 years [34]. It wasn’t until the 1960s that scientists
found this compound to have antimalarial activity [34]. Since then, many synthetic
derivatives of artemisinin have been developed, including DHA, artesunate, and
artemether.

DHA as an Anti-Malarial Drug
DHA is generally used as an anti-malarial drug in combination with piperaquine.
DHA combined with piperaquine (DP) treatment is quite effective and well tolerated,
with a cure rate of approximately 98%, and only a few, mild side effects including
gastrointestinal events, headache, or dizziness [33]. The dosing of DP is generally 2-10
mg/kg of DHA with 16-27 mg/kg of piperaquine daily for 3 days [35]. The mechanism
of DHA as an antimalarial involves the formation of free radicals. Artemisinins contain
an endoperoxide bridge which is broken to generate the free radicals that are toxic to the
malarial parasite. This is done through interactions with intraparasitic heme-iron which
activates the artemisinin [36]. Artemisinins form a covalent interaction with heme which
has been shown by the isolation of heme-artemisinin adducts [37]. Further, it was shown
that artemisinin binds to hemoproteins, including hemoglobin, but does not react with
heme-free globin [38]. These studies indicate that the presence of heme is required for
DHA to act as an anti-malarial drug.

DHA and Anti-Cancer Activity
In addition to being an anti-malarial drug, DHA has also been shown to have anticancer activity in various cancers, and there have been a wide variety of mechanisms
proposed for how DHA can trigger cancer cell killing [39]. One example of the anticancer activity of DHA can be seen in Philadelphia chromosome positive acute
lymphoblastic leukemia. It was shown that DHA is potent against these leukemic cells,
including those resistant to tyrosine kinase inhibitors; however, a mechanism of how
DHA could target these cells was unclear, though it was speculated to involve a
downregulation of c-MYC [40]. One commonly proposed mechanism is that DHA is
toxic to cancer cells through the induction of reactive oxygen species (ROS). This
mechanism fits with the way DHA works as an antimalarial because of the known
production of free radicals. It has been shown that DHA can induce autophagy through
the generation of ROS in CML (K562) cells [41]. This has also been shown in AML
cells where DHA treatment induced ROS generation, measured by DCFH-DA staining
[42]. Various other publications show that DHA can induce ROS generation in cancer
cells including glioma cells [43], lung adenocarcinoma cells [44], and ovarian cancer
cells [45]. Although DHA treatment can lead to the generation of ROS it is unclear if this
is the only mechanism of toxicity because many studies indicate that this ROS generation
is responsible for sensitization to other therapies, not that it alone leads to the death of
cancer cells. For example, in the case of lung adenocarcinoma cells, the ROS generation
by DHA sensitized the cells to arsenic trioxide, but had little effect on cell death on its
own [44]. Additionally, there are studies which show that DHA induces apoptosis
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completely independent of ROS generation. DHA was shown to induce superoxide anion
in promyelocytic leukemia cells; however, when the ROS induction was prevented by a
superoxide anion scavenger (MnTE-2-PyP) there was no rescue of cell death, indicating
that the death was independent of ROS generation [46]. These studies suggest that
although DHA may induce ROS generation in cancer cells, it may not be the sole
mechanism responsible for the DHA induced toxicity.
There have been other proposed mechanisms as to how artemisinin and its
derivatives can target cancer cells. One of these is through the inhibition of angiogenesis;
which was suggested to be through the suppression of vascular endothelial growth factor
and angiopoietin-1 expression in multiple myeloma cells [47]. Another proposed
mechanism of artemisinins is the induction of cell cycle arrest. An example of this was
shown in endometrial cancer cells, where artemisinin inhibited cell proliferation by
inducing a G1 cell cycle arrest through a repression of CDK4 gene expression by
disruptions in NF-κB signaling [48]. Another interesting theory of how DHA, or other
artemisinins, can target cancer cells is through ferroptosis, which is the iron dependent
cell death due to accumulation of lipid-based ROS [49]. This has been shown in head
and neck carcinoma cells, where DHA induced cell death which was rescued by the
addition of the iron chelator deferoxamine (DFO). DHA also reduced levels of GPx4 and
Ras in these cells, which are believed to lead to the induction of ferroptosis when inactive
[50]. Although this study did provide some evidence of the induction of ferroptosis, it
did go on to show that ferroptosis may not be the sole mechanism of cell death induction
and that apoptosis was also involved, as evidenced by the dependence on caspases.

DHA and the BCL-2 Family
In addition to the various proposed mechanisms of how DHA can act to induce
apoptosis it can also induce alterations in the BCL-2 family in cancer cells. It was
recently shown that DHA can translationally repress MCL-1 and induce apoptosis in
BCR-ABL+ B-ALL cells; the induction of apoptosis was proven by the rescue of cell
death by deletion of Bax and Bak, or the inhibition of caspases [32]. The repression of
MCL-1 is perhaps of even more importance and interest because of the known role MCL1 plays in a variety of cancer types. Here, the authors showed that MCL-1 is
translationally repressed, as evidenced by the lack of change in mRNA, the substantial
decrease in MCL-1 protein, the repression of global protein synthesis, and the lack of
change in MCL-1 degradation time. Interestingly, none of the other anti-apoptotic BCL2 family members were repressed by DHA. The repression of MCL-1 by DHA was also
shown to be highly synergistic with the BH3-mimetic ABT-263, which targets BCL-2,
BCL-XL, and BCL-W. The synergy between DHA and ABT-263 was observed in a
mouse derived cell line, human Ph+ cell lines, and PDX cells. Additionally, MCL-1 was
repressed in vivo by DHA in as short as 8h, and the combination of DHA and ABT-263
prolonged survival in leukemia bearing mice without any overt toxicities highlighting
potential uses of DHA as a therapeutic.
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How, mechanistically, DHA triggers MCL-1 repression was unclear, but several
possibilities were tested. One of these possibilities was that the MCL-1 repression was
due to the induction of ROS. DHA did induce ROS in these cells; however, when the
ROS was scavenged by either MnTMPyP or DPI there was no rescue of the MCL-1
repression, indicating that ROS production was not responsible for the DHA induced
MCL-1 repression. By microarray analysis it was found that DHA induced a gene
expression signature consistent with that of induction of ER stress. Again, the induction
of stress response genes was shown to be independent of ROS induction. This study
highlights a novel mechanism of how DHA could be used to target cancer cells through
repression of a protein known to play a role in initiation and survival of many types of
cancers; however, further work was needed to determine the mechanism triggering MCL1 repression in response to DHA.

Integrated Stress Response

Activation
The integrated stress response is a cellular stress response pathway that can be
activated by a variety of stressors. This pathway leads to cellular responses, which aim to
help the cell adapt and survive the stress; however, when the stress is too severe the
pathway will induce signaling leading to cell death [51]. There are four known kinases
that are the regulators of this pathway, each of which respond to distinct stressors (Figure
1-2). PKR-like ER kinase (PERK), is activated upon the induction of endoplasmic
reticulum (ER) stress; double-stranded RNA-dependent protein kinase (PKR) is activated
by viral infection; general control non-depressible protein 2 (GCN2) is activated by
nutrient deprivation; and heme regulated inhibitor (HRI) is activated by cellular heme
deprivation [51]. These are known to be the only four eIF2α kinases; the deletion of all
four at once led to a lack of induction of the integrated stress response pathway by a
panel of stressors [52].
The PERK kinase is found in the ER lumen and is activated upon ER stress, due
to the accumulation of unfolded proteins. In unstressed cells PERK is bound to the BiP
ER chaperone protein (also known as GRP78) which keeps the kinase inactive. Upon ER
stress, BiP dissociates from PERK, allowing it to oligomerize and autophosphorylate to
become fully active [53]. The GCN2 kinase has mostly been studied in the context of
budding yeast. When a cell is under amino-acid starvation conditions uncharged tRNAs
accumulate and bind to GCN2; this causes a conformational change that leads to
activation of the kinase [54]. The activation of PKR is in response to viral infection and
is dependent on the presence of double stranded RNA. The dsRNA, which is believed to
require a minimum of 30bp, binds to two PKR monomers causing them to dimerize and
autophosphorylate to become active [55].
The HRI kinase is generally activated in response to a cellular heme deprivation.
This kinase has 2 heme binding sites, one in the N-terminal domain, which is a stable
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Figure 1-2. Integrated stress response signaling
ER stress, viral infection, and other cellular stress signals activate PERK, PKR, HRI, and
GCN2 kinases that converge on phosphorylation of eIF2α, the core of ISR. This leads to
global attenuation of Cap‐dependent translation while concomitantly initiates the
preferential translation of ISR‐specific mRNAs, such as ATF4. ATF4 is the main effector
of the ISR. Termination of the ISR is regulated by the constitutively expressed CReP and
stress‐inducible phosphatase GADD34 that dephosphorylate eIF2α. Arrows denote
activation or induction, while blunt lines indicate inhibition. Reprinted with permission
from John Wiley and Sons, Inc. Pakos-Zebrucka, K., et al., The integrated stress
response. EMBO Rep, 2016. 17(10): p. 1374-1395.
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binding site, and one in the kinase insertion region, which is where heme regulates the
kinase activity. HRI requires multiple autophosphorylation events to become fully
activated. When HRI is synthesized, it dimerizes, binds heme at the stable N-terminus
site, and undergoes two autophosphorylation steps. At this point, heme availability
regulates the kinase activity of HRI. When present heme binds HRI in the kinase
insertion region it leads to the formation of a disulfide bond, keeping the kinase inactive;
this is a reversible process. When heme is unavailable, or the binding between heme and
HRI is disrupted, HRI then undergoes a third autophosphorylation at threonine 485
resulting in the irreversible activation of the kinase (Figure 1-3) [56, 57].

Effects of ISR Activation
Activation of any of the kinases involved in the ISR pathway leads to the
phosphorylation of eIF2α; this phosphorylation leads to the inhibition of global capdependent protein translation (Figure 1-2). Generally, eIF2α forms a complex with GTP
and Met-tRNA which, along with other initiation factors, forms the 43S pre-initiation
complex and binds the 5’ cap of mRNA. This allows for the recognition of initiation
codon by the tRNAMet; which leads to the GTP hydrolysis of eIF2α and its dissociation
from the 48S complex. The eIF2α can then be used to form another pre-initiation
complex and begin a new round of translation; this process requires the guanine
nucleotide exchange by eIF2B to convert eIF2-GDP to eIF2-GTP [58]. When the ISR
pathway is active and eIF2α is phosphorylated the exchange of GDP for GTP by eIF2B is
blocked, preventing formation of the 43S pre-initiation complex and ultimately global
cap-dependent translation [51].
Although global protein translation is inhibited by the phosphorylation of eIF2α,
this phosphorylation still leads to the translation of a small subset of mRNAs of stress
response genes, such as ATF4 (Figure 1-2). When the cell is unstressed and eIF2α is not
phosphorylated, the ribosomes scan and initiate translation at an open reading frame that
is out of frame with the ATF4 coding sequence, preventing its translation. Upon eIF2α
phosphorylation ribosomes recruit another ternary complex downstream of the AUG start
codon that leads to the selective translation of ATF4 [59]. ATF4 then acts as a
transcription factor, inducing stress response genes, such as DDIT3 (CHOP). Again,
although global protein translation is shut down, these genes are translated by a capindependent mechanism of translation involving the recruitment of ribosomes to internal
ribosome entry sites [60].
The inhibition of translation for a short amount of time generally helps the cell
survive the stress. For example, when heme levels are low in erythroid cells, the
inhibition of translation until heme may become available, prevents the accumulation and
aggregation of globin, which can result in anemia and apoptosis of erythroid precursors
[61]. The short-term activation of the ISR can be shut-down by the dephosphorylation of
eIF2α by the GADD34 phosphatase [62]. When the cellular stress is too much for the
cell to adapt, the ISR can lead to an induction of cell death. The ISR can induce
apoptosis through transcriptional changes of members of the BCL-2 family. It has been
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Figure 1-3. A model of the activation of HRI by multiple autophosphorylation in
three stages
Reprinted with permission from Rafie-Kolpin, M., A.P. Han, and J.J. Chen,
Autophosphorylation of threonine 485 in the activation loop is essential for attaining
eIF2alpha kinase activity of HRI. Biochemistry, 2003. 42(21): p. 6536-44. Copyright
2003 American Chemical Society.
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shown that CHOP induction leads to a transcriptional upregulation of Bcl2l11 (encodes
BIM) in response to ER stress [63]. NOXA and PUMA induction have also both been
indicated as a consequence of ISR activation [64, 65]. Although these may not be the
only mechanisms through which the ISR can induce cell death, they highlight the
possibility of exploiting the ISR pathway to target cancer cells.

B-Lineage Acute Lymphoblastic Leukemia
Acute lymphoblastic leukemia is a hematologic malignancy affecting both
children and adults [66]. The estimated rate of new cases is 1.7 per 100,000 [67], and it
is the most common form of childhood acute leukemia [66]. This disease arises from the
proliferation and accumulation of B- or T- lineage lymphoid progenitors in the bone
marrow [66]. B-ALL in children now has a cure rate of greater than 90%; however, in
those over 40 the cure rate is less than 50% [68]. B-ALL can be classified into various
subtypes based on aneuploidy, chromosomal rearrangements, or expression of fusion
oncoproteins [68]. These can be further broken down based on prognosis, with
Philadelphia chromosome positive (Ph+) and Philadelphia chromosome-like (Ph-like)
both being classified as poor prognosis [68].

Philadelphia Chromosome Positive B-ALL
Philadelphia chromosome positive B-ALL results from a translocation between
chromosomes 9q34 and 22q11 resulting in the fusion of the BCR-ABL oncoprotein
(p185); this is a constitutively active tyrosine kinase [69, 70]. The BCR-ABL protein
leads to a variety of alterations in cellular pathways, including the Ras-mitogen-activated
protein kinase, Janus-activated kinase-STAT, and phosphoinositide 3-kinase/AKT
pathways, leading to increased proliferation and survival of the leukemic cells [71, 72].
Although the prognosis of Ph+ ALL patients has historically been poor, there have been
improvements in recent years with the use of tyrosine kinase inhibitors (TKIs). Despite
this improvement, many patients relapse and development of TKI resistance remains a
challenge [71]. The prognosis of Ph+ patients remains very poor after failure of TKIs,
with a two-year overall survival of 20%, highlighting the need for treatment
improvements [71].
MCL-1 is important in many types of cancer and Ph+ B-ALL is no exception [5].
It is known that MCL-1 is required for the initiation and survival of Ph+ B-ALL cells
[69]. After deletion of Mcl1 the outgrowth of p185-transformed pre-B cells was delayed
compared to that of Mcl1 wild-type cells, indicating the requirement of MCL-1 for in
vitro leukemia initiation [69]. Further, Cre mediated deletion of Mcl1 resulted in the
expansion of p185+ B-ALL cells expressing Mcl1wt cDNA, but not vector expressing
cells indicating that MCL-1 is also required for the survival of these cells. This
dependence on MCL-1 supports the idea that targeting MCL-1 in Ph+ B-ALL could be a
reasonable treatment option.

11

Philadelphia Chromosome-Like B-ALL
Ph-like B-ALL is characterized by a transcriptional profile similar to that of Ph+
B-ALL; however, these patients lack the expression of the BCR-ABL protein [68]. A
variety of rearrangements, mutations, and copy number alterations are seen in this
subtype that lead to activations of tyrosine kinases or cytokine receptor signaling. Most
commonly, activations in JAK-STAT or ABL signaling pathways are seen; some
examples of these mutations include rearrangements of CRLF2 or JAK2, or fusions in
ABL class genes such as ABL1, ABL2, or PDGFRB [73]. Ph-like ALL is associated
with a poor prognosis and is known to have a poorer 5-year event free survival when
compared to non Ph-like ALL patients [74]. One challenge in treating these patients
begins with the ability to accurately identify the kinase-activating alteration; this involves
performing many assays (such as RT-PCR, FISH, or flow cytometric analyses) after
identifying that the patient is classified as Ph-like [73]. Although treatment of these
patients with TKIs may seem rational there is the potential challenge of development of
resistance. Resistance to TKIs has already been a problem in treating Ph+ ALL patients
due to mutations such as the BCR-ABL T315I mutation [75]. Additionally, there has
already been a PDGFRB mutation identified which confers resistance to ABL TKIs in
Ph-like ALL [76]. In addition to having a poor prognosis, this subtype of ALL also has a
high prevalence, accounting for over 20% of adult ALL cases, further highlighting the
need for improved treatment options of these patients [74].
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CHAPTER 2.

METHODS1

Cells and Cell Culture
Mouse p185+ Arf-null B-ALL (hereafter referred to as BCR-ABL+ B-ALL) [69]
and PAX5-JAK2, RCSD1-AB1, and RCSD1-ABL2 fusion-expressing Ph-like Ba/F3 cells
[78] were grown in RPMI with 10% fetal bovine serum, 55 µM 2-mercaptoethanol, 2
mM glutamine, penicillin, and streptomycin (Invitrogen). Navitoclax and Venetoclax
were obtained from Selleckchem. DHA was obtained from AvaChem Scientific.
BTdCPU was obtained from Millipore and synthesized by the Department of Chemical
Biology and Therapeutics (St. Jude Children’s Research Hospital, SJCRH). The human
Ph+ leukemia cell lines OP-1, TOM-1, BV-173, and SUP-B15 were cultured in RPMI
with 20% fetal bovine serum, 55 µM 2-mercaptoethanol, 2 mM glutamine, penicillin, and
streptomycin. ISRIB (Sigma) was dissolved in DMSO for in vitro experiments.

Genome-Wide CRISPR Screen
Cas9-expressing p185+ B-ALL cells were transduced with the Brie CRISPR KO
library (Addgene #73633) at a multiplicity of infection (MOI) of 0.5 with an sgRNA
coverage of 400x [79]. One day after transduction, puromycin was added (1 µg/mL) to
select for infected cells. Cells were then cultured in either DMSO or 10 µM DHA
containing media for 24 hours (h), followed by a 48h culture in drug free media. As
previously described, genomic DNA was extracted from the surviving cells (Qiagen
DNeasy Blood and Tissue kit) and amplified by PCR for Illumina sequencing of sgRNAs
by Nextseq [79]. MAGeCK was used to analyze the sequencing reads [80]. Enrichr was
used for pathway analysis of the screen [81, 82].

Validation CRISPR Screen
A validation CRISPR KO library was generated by the Center for Advanced
Genome Editing (SJCRH) containing 5 guides (different from those in the Brie library)
for each of the top 35 hits in positive selection (FDR <1%) and the top 13 hits in negative
selection (FDR <16%) from the initial screen. Cas9-expressing BCR-ABL+ B-ALL cells
were transduced with this validation library at a multiplicity of infection of 0.5 with a
sgRNA coverage of >5000x. The drug treatment, sequencing and analysis were carried
out in the same manner as the genome wide CRISPR screen.

1

Modified from final submission with permission. Smith, K.H., et al., The Heme-Regulated Inhibitor
Pathway Modulates Susceptibility of Poor Prognosis B-Lineage Acute Leukemia to BH3-Mimetics. Mol
Cancer Res, 2020. https://doi.org/10.1158/1541-7786.MCR-20-0586. [77]
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Knockout Cell Line Creation
BCR-ABL+ B-ALL knockout cell lines were generated using CRISPR-Cas9
technology. Briefly, 1x106 mouse BCR-ABL+ B-ALL cells were transiently cotransfected with precomplexed ribonuclear proteins (RNPs) consisting of 100 pmol of
chemically modified sgRNA (Synthego) and 35 pmol of Cas9 protein (SJCRH Protein
Production Core). Additionally, 200 ng of pMaxGFP was co-transfected via
nucleofection (Lonza, 4D-Nucleofector™ X-unit) using solution P3 and program CM137 in small cuvettes according to the manufacturer’s recommended protocol. Five days
post nucleofection, cells were single-cell sorted by FACs to enrich for GFP+ (transfected)
cells, clonally selected, and verified for the desired out-of-frame indel modifications via
targeted deep sequencing on a Miseq Illumina sequencer. NGS analysis of clones was
performed using CRIS.py [83]. Two knockout clones for each gene were identified. BV173 genetically modified cell pools were created by transiently co-transfecting 400,000
cells with precomplexed ribonuclear proteins (RNPs) consisting of 100 pmol of
chemically modified sgRNA (Synthego) and 35 pmol of Cas9 protein (St. Jude Protein
Production Core) via nucleofection (Lonza, 4D-Nucleofector™ X-unit) using solution P3
and program CA-137 in small cuvettes according to the manufacturers recommended
protocol. Five days post nucleofection, a portion of cells were harvested and sequenced
via targeted NGS and analyzed using CRIS.py as described above. NGS analysis
indicated 89% total indels and 80% out-of-frame indels for the BV-173 edited cell pool.
Sequences of sgRNA can be found in Table 2-1. MCL-1 overexpressing cells were
previously generated by retroviral transduction [32, 69].

Immunoblotting and Antibodies
Protein expression was assessed as previously described [84]. Antibodies used
were: anti-MCL-1 (Rockland Immunochemical), anti-human MCL-1, anti-PERK, antiATF6, anti-IRE1, anti-CHOP, anti-ATF4, anti-BCL-XL, anti-Phospho-eIF2α, anti-eIF2α,
anti-PUMA, anti-p53 (Cell Signaling), anti-HRI, anti-γH2AX (Abcam), anti-NOXA
(Sigma), anti-BIM, anti-BCL-2 (BD Pharmingen), and anti-Actin (Millipore). Antirabbit or anti-mouse horseradish peroxidase-conjugated secondary antibodies were from
Jackson Immunochemical. Anti-hamster horseradish peroxidase-conjugated secondary
antibody was from Invitrogen. Immunoblots were developed using Odyssey Fc imaging
system from LI-COR Biosciences. All experiments are representative of ≥3
independently performed assays.

Measuring Interaction Between HRI and Heme
Absorption spectra were acquired using a Nanodrop 1000 spectrophotometer
(Thermo Fisher) at room temperature. All dilutions were made in Enzyme Dilution
Buffer (EDB) consisting of 50 mM Tris (pH 7.4), 150 mM NaCl, 0.1 mM EDTA, 25%
glycerol. HRI (0.05 µg/ul) was obtained from ABM (Z500115). Heme (Frontier
Scientific) and DHA were dissolved in DMSO to make an initial 10 mM stock, then
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Table 2-1.

sgRNA sequences for knockout cell lines
Sequence (5’ to 3’)

Name
mErn1 KO BCR-ABL+ B-ALL reagents
mErn1 sgRNA spacer
mErn1.NGS.F partial Illumina adaptors (upper case)
mErn1.NGS.R partial Illumina adaptors (upper case)

AGAGGACGGGCUCCAUCAAG
CACTCTTTCCCTACACGACGCTCTTCCGATCTagtggattgacatgaaggcgt
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTggagtgcaagtccgtttcctc

mAtf6 KO BCR-ABL+ B-ALL reagents
mAtf6 sgRNA spacer
mAtf6.NGS.F partial Illumina adaptors (upper case)
mAtf6.NGS.R partial Illumina adaptors (upper case)

UUCCUUCAGUGGCUCUACAG
CACTCTTTCCCTACACGACGCTCTTCCGATCTtgtttcactgcaggaggagt
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTaagcttaatccaagatttgccttt

mEif2ak3 KO BCR-ABL+ B-ALL reagents
mEif2ak3 sgRNA spacer
mEif2ak3.NGS.F partial Illumina adaptors (upper case)
mEif2ak3.NGS.R partial Illumina adaptors (upper case)

CAGUUUGCUUGCUCCCGCGU
CACTCTTTCCCTACACGACGCTCTTCCGATCTcggggatctcggcgg
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTcgcagttccacgtcgtcatc

mEifak1 KO BCR-ABL+ B-ALL reagents
mEifak1 sgRNA spacer
mEifak1.NGS.F partial Illumina adaptors (upper case)
mEifak1.NGS.R partial Illumina adaptors (upper case)

UGUUUGGAGUGGAGCGGGUU
CACTCTTTCCCTACACGACGCTCTTCCGATCTaccagactcaccagaccgctctgcc
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTacacaccagctgcttctcagagtca

hEIF2AK1 KO BV-173 reagents
hEIF2AK1 sgRNA spacer
hEIF2AK1.NGS.F partial Illumina adaptors (upper case)
hEIF2AK1.NGS.R partial Illumina adaptors (upper case)

UUGUUGGCUAUCACACCGCG
CACTCTTTCCCTACACGACGCTCTTCCGATCTaggggccatctgtattttgctctgga
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTaatggtgtgaacccaggaggcggag
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further diluted in EDB to make 10X final stock immediately prior to addition. Enzyme
was brought to 5 µM with heme and to the indicated concentration of DHA then
incubated at room temperature for 30 minutes. Controls, without heme or DHA, had an
equivalent volume of EDB added. All measurements were made after blanking with
buffer (control) or with buffer containing the equivalent concentrations of heme and
DHA as the measured sample. Absorbance readings between 220 and 750 nm were made
for each sample, and Soret peak height for each independent experiment was determined
by recording peak absorbance (420 nm) from 3 or more technical replicates per value.

Heme Measurements
Cellular heme measurements were made by reverse phase HPLC after pellets
were extracted with acetone, acidified by the addition of 20% 1.6 N HCl, together with
10 pmol mesoporphyrin per sample added as an internal standard. Extracts were
centrifuged at 21,100 × g for 10 min. after which pellets were discarded. From the
supernatants, heme was separated from other porphyrins on a Shimadzu system (CBM20A system controller, Shimadzu), using a mobile phase of acetonitrile in water
containing 0.05% trichloroacetic acid at 1 ml/min on a reverse-phase C18 column
(Sigma), applying a 30–66% linear acetonitrile gradient over 5 min followed by a 66–
90% linear gradient over 20 min. Heme was determined by measuring absorbance at 400
nm (Shimadzu, SPD-20AV). The concentration and identity of heme (tR=7.4 min.) was
made by comparison with hemin (Frontier Scientific, H651-9) standards extracted
analogously to samples. Calculations were made by normalizing the peak area for heme
with internal standard peak values for samples then calculating from a linear curve made
from hemin standards similarly normalized to the internal standard. Limit of detection
was approximately 1 pmol with a linear range or detection to at least 1 nmol.

Cell Death Experiments
Cells were seeded in 96-well plates and drugs (DHA, BTdCPU, ABT-199, ABT263 solubilized in DMSO or DMSO vehicle controls) were added at the indicated
concentrations. Aminolevulinic acid (ALA), a precursor of heme synthesis, or
succinylacetone (SA), an inhibitor of heme synthesis, (both from Sigma) were solubilized
in water and added at indicated concentrations to alter cellular heme levels [85]. Cell
viability was determined by staining with Annexin-V-APC and propidium iodide (BD
Biosciences) and measured by flow cytometry as previously described [32].

Response Surface Modeling
Response surface modeling, implemented in Matlab version R2016a
(Mathworks), was used to determine changes in the response of two drugs given in
combination [86-88]. A drug combination was considered either synergistic or
antagonistic if the interaction term (α) describing the change in response relative to the
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additive model was either positive or negative, respectively. Two interaction terms (α)
were considered different if their difference was statistically different from zero based on
a two-tailed z-test.

Patient-Derived Xenograft (PDX) Leukemia
Leukemia from adult patients with BCR-ABL1+ and EBF1-PDGFRB Ph-like
ALL obtained from the Eastern Cooperative Oncology Group E2993 study
(ClinicalTrials.gov identifier NCT00002514) and from the University Health Network
(Toronto, CA) were transplanted into un-irradiated immunodeficient NOD.CgPrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice (Jackson Laboratories) for 8-10 weeks prior to reisolation [89-91]. Mice were bred and utilized in accordance with SJCRH animal care
and use committee (SJCRHACUC).

Treatment of Leukemia in Recipient Mice
BCR-ABL+ B-ALL were injected (2x105) into non-conditioned, 6-8-week-old,
female C57BL/6 recipients (Jackson Laboratory). Five days after the transfer, recipients
were treated with BTdCPU via intraperitoneal route and ABT-263 by oral gavage.
Navitoclax was formulated in a mixture of 60% Phosal 50 PG, 30% PEG 400, and 10%
EtOH and dosed at 100 mg/kg/day as previously described [92]. 400 mg/kg/day of
BTdCPU was administered in 30µL DMSO. Treatment was given daily for 14 days
(days 5-18 after leukemia injection) during and after which the mice were monitored.
Mice were bred and utilized in accordance with SJCRHACUC.

Pathology and Immunohistochemistry
All tissues were fixed in formalin, embedded in paraffin, sectioned at 4 μm,
mounted on positively charged glass slides (Superfrost Plus; Thermo Fisher Scientific),
and dried at 60°C for 20 min before dewaxing and staining with hematoxylin and eosin
(H&E) using standard methods. For immunohistochemical staining, the primary
antibodies used in this study included anti-B220 (BD Biosciences) and anti-PAX5
(Abcam). Tissue sections underwent antigen retrieval in a prediluted Cell Conditioning
Solution (CC1) (Ventana Medical Systems) for 32 min, and the OmniMap anti-Rabbit
HRP kit (Ventana Medical Systems) and ChromoMap DAB (Ventana Medical Systems)
were used for detection. All sections were examined by a pathologist blinded to the
experimental group assignments.
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Measurement of Reactive Oxygen Species
BCR-ABL+ cells were treated with ROS scavengers (MnTMPYP, NAC,
MnTBAP) for 2h prior to DHA treatment. Cells were stained with 5µM dihydroethidium
(DHE, Sigma) for 30 minutes and analyzed by flow cytometry.
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CHAPTER 3.

RESULTS2

CRISPR Screen Identifies Pathways Required for DHA-Induced Apoptosis
Previous efforts to mechanistically address how DHA triggered the repression of
MCL-1 revealed a gene expression signature consistent with the induction of the
endoplasmic reticulum (ER) stress pathway [32]. To further interrogate this pathway, the
three canonical branches of the cellular ER stress pathway were genetically ablated in
mouse p185+ Arf-null B-ALL (hereafter referred to as BCR-ABL+ B-ALL) using
CRISPR/Cas9 targeting (Figure 3-1). Despite loss of the genes encoding the IRE1,
ATF6, or PERK branches of the ER stress pathway, DHA treatment still triggered MCL1 repression in mouse BCR-ABL+ B-ALL, indicating that none of the canonical ER stress
pathway signaling arms is singularly responsible for repressing MCL-1 expression in
response to DHA treatment (Figure 3-1).
To elucidate which cellular signaling pathways are activated by DHA to induce
cell death in mouse BCR-ABL+ B-ALL cells, an unbiased genetic screen was conducted
in which Cas9-expressing mouse BCR-ABL+ B-ALL cells were stably transduced with
the Brie knockout library (78,637 sgRNAs targeting 19,674 genes) [79]. The cells were
treated with 10 µM DHA for 24 hours (h) and cultured in drug free media for an
additional 48h to allow outgrowth of resistant cells (Figure 3-2A). After DHA treatment,
BCR-ABL+ B-ALL cell viability was approximately 40% in contrast to vehicle control
treated cells that maintained >95% cell viability (Figure 3-2B). After treatment, genomic
DNA was isolated from the viable BCR-ABL+ B-ALL cells, amplified and subjected to
Illumina sequencing to determine sgRNAs enrichment in the surviving cells. MAGeCK
analysis of sequencing data identified 35 genes whose targeting sgRNAs were enriched in
DHA-resistant cells at a false discovery rate of <1% [80], indicating that loss of
expression of these genes generated resistance to 10 µM DHA (Figure 3-2C and Table
3-1). Enrichr gene set enrichment analysis was performed [81, 82] using these 35 genes,
to identify genetic pathways implicated in DHA resistance. Multiple pathways related to
heme synthesis/metabolism and apoptosis were identified (Figure 3-2D and Table 3-1);
in fact, most genes involved in the heme synthesis pathway were among the top hits [93]
(Figure 3-3). These data implicate that either the heme synthesis or intrinsic apoptotic
pathway is required for induction of apoptosis in BCR-ABL+ B-ALL cells in response to
10 µM DHA.
To validate the hits identified from the primary genome-wide screen a secondary
targeted screen was performed using a validation library composed of five, new sgRNA
guides per gene for the top 35 hits in positive selection (FDR <1%) and the top 13 hits in
negative selection (FDR <16%). The validation screen was carried out in the same way
as the original genome-wide screen. After MAGeCK analysis, 8 of the 10 genes involved

2

Modified from final submission with permission. Smith, K.H., et al., The Heme-Regulated Inhibitor
Pathway Modulates Susceptibility of Poor Prognosis B-Lineage Acute Leukemia to BH3-Mimetics. Mol
Cancer Res, 2020. https://doi.org/10.1158/1541-7786.MCR-20-0586. [77]
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Figure 3-1. Stress pathways in cellular response to DHA
Wild-type (WT) or BCR-ABL+ B-ALL cells deficient (KO) for ERN1 (encodes IRE1),
ATF6, or Eif2ak3 (encodes PERK) were treated with 1.25µM DHA for 9h and MCL-1
expression was determined by immunoblotting with indicated antibodies.
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Figure 3-2. CRISPR screen identifies the requirement of the heme synthesis
pathway for DHA-induced apoptosis
(A) BCR-ABL+ B-ALL cells containing the Brie CRISPR knockout library were treated
with DHA or DMSO for 24h and then cultured for an additional 48h in drug free media.
Cells that survived the drug treatment were harvested and sequenced to determine genes
involved in resistance. (B) Percentage of viable cells treated with either 10 µM DHA or
DMSO was measured by trypan blue staining. Cells were under treatment conditions for
24h and then cultured in drug free media for an additional 48h. (C) MAGeCK was used
to determine sgRNAs enriched for in the DHA treated sample. (D) Enrichr was used to
determine pathways involved in resistance to DHA. (E) BCR-ABL+ B-ALL cells
containing the validation screen CRISPR library were treated with DHA for 24h and
cultured for an additional 48h in drug free media. Surviving cells were harvested and the
DNA sequenced. MAGeCK was used to determine sgRNAs enriched for in the DHA
treated sample. The enriched genes from both the validation screen and original genomewide screen were then compared.
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Table 3-1.
MAGeCK

Gene id
Ppox
Alad
Pdxk
Hmbs
Cpox
Apaf1
Casp9
Trp53
Casp3
Dffb
Glrx5
Dffa
Ube2m
Alas1
Fech
Cluh
Peo1
Uros
Pnpo
Eefsec
Cycs
Suclg1
Fam122a
Elp5
Xpo7
Pcyt1a
Pstk
Wbscr16
Trub2
Ttc14
Hnrnpa2b1
Mthfd2
Lztr1
Slc25a32
Ubp1

Top 35 hits from genome wide CRISPR screen, determined by

pos|score
3.25E-16
1.18E-15
1.53E-14
4.25E-14
9.66E-13
1.02E-12
1.43E-12
1.64E-12
4.93E-12
9.85E-12
1.65E-11
1.91E-11
3.83E-11
2.62E-10
2.93E-09
5.67E-09
9.63E-09
1.92E-08
4.29E-08
5.42E-08
1.49E-07
1.50E-07
1.53E-07
3.06E-07
4.38E-07
5.41E-07
8.82E-07
8.96E-07
1.97E-06
2.29E-06
2.51E-06
2.57E-06
3.17E-06
4.13E-06
4.45E-06

pos|p-value
2.52E-07
2.52E-07
2.52E-07
2.52E-07
2.52E-07
2.52E-07
2.52E-07
2.52E-07
2.52E-07
2.52E-07
2.52E-07
2.52E-07
2.52E-07
2.52E-07
2.52E-07
2.52E-07
2.52E-07
2.52E-07
2.52E-07
2.52E-07
7.55E-07
7.55E-07
7.55E-07
1.26E-06
1.76E-06
2.26E-06
2.77E-06
2.77E-06
6.29E-06
7.80E-06
8.30E-06
8.30E-06
1.18E-05
1.48E-05
1.64E-05

pos|fdr
0.000248
0.000248
0.000248
0.000248
0.000248
0.000248
0.000248
0.000248
0.000248
0.000248
0.000248
0.000248
0.000248
0.000248
0.000248
0.000248
0.000248
0.000248
0.000248
0.000248
0.000646
0.000646
0.000646
0.001031
0.001386
0.001714
0.001945
0.001945
0.004268
0.005105
0.005105
0.005105
0.007051
0.008591
0.009194

pos|rank
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

pos|lfc
4.2704
5.071
4.2593
3.0221
3.1179
1.7716
1.8948
1.4796
1.4571
1.5408
3.4678
1.4907
1.4299
2.9046
2.8039
1.1662
1.4576
3.228
1.3911
1.7452
1.5336
1.1732
1.149
1.3464
1.2388
1.9908
1.084
2.0637
1.247
1.415
1.2129
1.0731
0.61398
1.017
0.98916

Related
pathway
Heme
Heme
Heme
Heme
Heme
Apoptosis
Apoptosis
Apoptosis
Apoptosis
Apoptosis
Apoptosis
Heme
Heme

Heme
Heme
Apoptosis
Heme

Pos|Score: The RRA value of the gene in positive selection; Pos | p-value: raw p-value of
this gene in positive selection; Pos | fdr: false discovery rate of this gene in positive
selection; Pos | rank: ranking of each gene in positive selection; Pos | lfc: log fold change
of the gene in positive selection; Related Pathway: category of gene as determined by
Enrichr/GSEA.
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Figure 3-3. Control steps in heme metabolism
The main mechanisms involved in the control of heme levels outside, inside and across
the cell are illustrated. Genes circled in red indicate that they were hits in the genomewide CRISPR screen. Modified with permission from Chiabrando, Vinchi, Fiorito,
Mercurio and Tolosano. Chiabrando, D., et al., Heme in pathophysiology: a matter of
scavenging, metabolism and trafficking across cell membranes. Front Pharmacol, 2014.
5: p. 61.
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in heme synthesis and 4 of the 7 apoptosis-related genes identified in the genome-wide
screen were found to be top hits in the validation screen (FDR<12%) (Figure 3-2E).
These data strongly suggest that DHA requires the heme synthesis pathway to kill BCRABL+ B-ALL cells.
Since sgRNAs targeting the heme synthesis pathway were associated with
resistance of BCR-ABL+ B-ALL cells to DHA treatment, we hypothesized that repressing
heme levels pharmacologically should also render BCR-ABL+ B-ALL cells resistant to
DHA treatment. To test this hypothesis, we cultured wild-type or MCL-1 overexpressing
(OE) BCR-ABL+ B-ALL cells in succinylacetone (SA), an inhibitor of heme synthesis
[85]. This rendered the wild-type cells more resistant to death induced by culture with
DHA (Figure 3-4A through C). Conversely, wild-type or MCL-1 OE BCR-ABL+ BALL cells were cultured in aminolevulinic acid (ALA), a precursor of heme synthesis
[85], to increase cellular heme levels. The ALA treatment made the wild-type, but not
MCL-1 OE, cells more sensitive to DHA induced apoptosis (Figure 3-4A through C).
DHA, alone or in combination with ALA or SA, had little effect on MCL-1 OE cell
viability, indicating that the changes in toxicity seen in wild-type cells when DHA was
combined with ALA or SA are due to changes in endogenous MCL-1 expression. Since
DHA acts to repress MCL-1 translation in leukemic cells [32], we tested whether
pharmacological manipulation of cellular heme levels could affect MCL-1 repression in
response to DHA treatment. The combination of ALA and DHA caused MCL-1
repression like that observed with DHA alone (Figure 3-4D). In contrast, the inhibition
of heme synthesis by SA substantially blunted MCL-1 repression triggered by DHA
(Figure 3-4D). Taken together, these data indicate that cellular heme is needed both for
DHA to induce apoptosis and to repress MCL-1 expression.
DHA Induces an HRI-Mediated eIF2α Phosphorylation and MCL-1 Repression
The observation that heme is required for DHA induced apoptosis and repression
of MCL-1 prompted us to further examine how the heme pathway could trigger the
translational repression of MCL-1. The phosphorylation of eIF2α inhibits cap-dependent
translation by triggering the integrated stress response [94]. Indeed, when BCR-ABL+ BALL cells were treated with DHA, eIF2α was phosphorylated and the protein expression
of both ATF4 and the CHOP transcription factor were induced (Figure 3-5A).
Concomitantly, MCL-1 expression was repressed, but the expression of other antiapoptotic BCL-2 family members, such as BCL-XL or BCL-2, were unaffected (Figure
3-5A). There was an increase in the pro-apoptotic BCL-2 family members NOXA and
PUMA in response to DHA; however, BIM expression was unchanged (Figure 3-5A).
Additionally, DHA, alone and in combination with ALA, induces the integrated stress
response, as shown by the phosphorylation of eIF2α and induction of its downstream
targets, ATF4 and CHOP (Figure 3-4D). Decreasing cellular heme levels with SA
treatment blunted the induction of the integrated stress response by DHA (Figure 3-4D).
There are four known eIF2α kinases, GCN2, PKR, PERK, and the heme regulated
inhibitor (HRI) [52]. PERK-deficient cells still repressed MCL-1 in response to DHA
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Figure 3-4.
Effects of heme synthesis alterations on cellular response to DHA
(A) Heme levels were measured in BCR-ABL+ B-ALL cells treated with DMSO, 62.5µM
(Aminolevulinic acid) ALA, or 62.5µM (succinylacetone) SA for 24h. (B) MCL-1 wildtype (WT) or overexpressing (OE) cells were treated with a combination of DHA and
62.5 µM of Aminolevulinic acid (ALA) or succinylacetone (SA) for 24h. Viability was
measured using Annexin-V and propidium iodide staining. Data are the average of three
experiments and error bars are SEM. Two-way ANOVA with Bonferroni multiple
comparisons indicates significance P<0.0001****, P<0.01** between the DHA alone
and DHA+ALA or DHA+SA treatments at 10µM DHA. (C) MCL-1 expression in WT
or OE cells was determined by immunoblotting with indicated antibodies. (D) Cells were
treated with DHA alone or a combination of DHA and 62.5 µM of Aminolevulinic acid
(ALA) or succinylacetone (SA) for 24h. Protein expression was determined by
immunoblotting with indicated antibodies.
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Figure 3-5. HRI is required for DHA-induced MCL-1 repression
(A) BCR-ABL+ B-ALL cells were treated with DHA for 16h and protein expression was
determined by immunoblotting with indicated antibodies. (B) Wild-type (WT) or
Eif2ak1-KO (lacking HRI) BCR-ABL+ B-ALL cells were treated with DHA for 16h and
protein expression was determined by immunoblotting with indicated antibodies. (C)
BCR-ABL+ B-ALL cells were treated with 1.25µM DHA for 16h. The integrated stress
response inhibitor, ISRIB, was added at the indicated doses for an additional 2h. Protein
expression was determined by immunoblotting with indicated antibodies. (D) Wild-type
(WT) or Eif2ak1-KO (HRI-deficient) BCR-ABL+ B-ALL cells were treated with
succinylacetone (SA) for 48h. Protein expression was determined by immunoblotting
with indicated antibodies. (E) Wild-type or Eif2ak1-KO cells were treated with the
indicated drugs for 9h and then pulse-labeled with 35S-methionine-cysteine for 1h.
Autoradiography was used to determine new protein synthesis. Cycloheximide (CHX)
served as a positive control for translation inhibition. Total protein was determined by
Ponceau staining. MCL-1 expression was determined by immunoblotting. (F) Purified
HRI protein was incubated with 20 µM heme, 20 µM DHA, or a combination of the two
at room temperature for 30 min. Absorbance was then measured at 420 nm to detect the
presence of a Soret peak which is indicative of protein binding. Data are the average of
three experiments and error bars are SEM. Unpaired t-test indicates significance between
HRI+Heme vs. HRI+Heme+DHA p<0.01**.
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treatment (Figure 3-1), thus excluding PERK and the classical ER stress pathway as
being responsible for eIF2α phosphorylation triggered by DHA.
The eIF2α kinase HRI phosphorylates eIF2α in erythrocytes to prevent
hemoglobin translation when cellular heme levels are limiting [95]. To assess whether
HRI is responsible for MCL-1 repression in BCR-ABL+ B-ALL cells treated with DHA,
we generated Eif2ak1-deficient (Eif2ak1 encodes HRI, hereafter referred to as HRIdeficient) BCR-ABL+ B-ALL cells using CRISPR/Cas9. In contrast to wild-type BCRABL+ B-ALL cells, HRI-deficient BCR-ABL+ B-ALL cells, failed to induce the
expression of either ATF4 or CHOP when treated with DHA (Figure 3-5B). Notably,
while DHA treatment in HRI expressing BCR-ABL+ B-ALL cells triggered the
repression of MCL-1 expression, the BCR-ABL+ B-ALL cells lacking HRI failed to
repress MCL-1 expression (Figure 3-5B, E). Furthermore, the addition of ISRIB, a
small-molecule inhibitor of the integrated stress response [96], blocked the repression of
MCL-1 and attenuated the induction of the integrated stress response (indicated by
ATF4) in response to DHA treatment (Figure 3-5C). Although cellular heme depletion
is one mechanism of integrated stress response induction, 24h of SA treatment was
insufficient on its own to activate the integrated stress response; however, culture with
SA for 48h resulted in the HRI-dependent induction of MCL-1 repression and activation
of the integrated stress response (Figure 3-5D). These data indicate that HRI is required
for the DHA induced eIF2α phosphorylation and activation of the down-stream integrated
stress response, which represses MCL-1 expression.
HRI-mediated phosphorylation of eIF2α represses cap-dependent translation and
blocks a wide array of protein synthesis [94]. To confirm whether active HRI is upstream
of the MCL-1 translational repression we used metabolic labeling to assess whether loss
of HRI attenuates translational inhibition triggered by DHA treatment. HRI wild-type or
deficient BCR-ABL+ B-ALL cells were treated with DHA for 9h and then pulse-labeled
with 100 µCi/ml of 35S-labeled methionine and cysteine for 1h. Autoradiography of
whole cell lysates from treated cells demonstrated that global translation was repressed in
DHA treated control cells; however, the repression of translation was substantially
blunted in HRI-deficient cells in response to DHA treatment (Figure 3-5E). As a
positive control, culture of both cell types with cycloheximide (CHX) repressed
translation in an HRI-independent manner. Western blotting of the treated cells also
revealed that MCL-1 was repressed in the control cells, but not the HRI-deficient BCRABL+ B-ALL cells (Figure 3-5E). These data indicate that DHA treatment induces an
HRI-dependent inhibition of translation that results in MCL-1 repression.
In erythrocytes, HRI directly binds to heme, which represses kinase activity;
however, when heme levels drop, HRI becomes active and phosphorylates eIF2α [56,
57]. To address how DHA triggers HRI activation, we assessed the HRI-heme
interaction using spectroscopy on purified, recombinant proteins. When HRI and heme
were incubated together, a Soret peak was detected indicating binding of the two
proteins. However, when DHA was incubated with heme and HRI, the Soret peak was
lost indicating that DHA addition disrupts the interaction between heme and HRI (Figure
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3-5F). These data indicate that DHA can disrupt the HRI-heme interaction in a cell-free
system.

HRI Is Required for the Synergistic Response of DHA and BH3-Mimetics
Previous studies demonstrated that DHA-induced repression of MCL-1 renders
BCR-ABL+ B-ALL cells susceptible to synergistic cell death induced by the BH3mimetic drug ABT-263 [32]. Since HRI is responsible for mediating the repression of
MCL-1 in response to DHA treatment, we assessed whether HRI-deficient BCR-ABL+
B-ALL cells would exhibit less synergistic cell death in response to combination
treatment of DHA with BH3-mimetic drugs. In control BCR-ABL+ B-ALL cells DHA
synergized with both BH3-mimetic drugs ABT-199 and ABT-263 as evidenced by
response surface modeling (Figure 3-6A). However, the loss of HRI from BCR-ABL+
B-ALL cells substantially blunted the synergistic killing between DHA and both BH3mimetics, indicating that loss of HRI attenuated the synergism between DHA and BH3mimetics because MCL-1 was not repressed (Figure 3-6A). Although synergy with
DHA and BH3-mimetics was diminished by loss of HRI, there was still sensitization to
BH3-mimetics indicating that DHA has HRI-independent effects as well. Overexpression
of MCL-1 also attenuated the synergism between DHA and BH3-mimetics, indicating
that the synergy depends on the expression levels of MCL-1 (Figure 3-6B). DHA
treatment did not induce significant changes in expression of other anti-apoptotic BCL-2
family members, including BCL-2 or BCL-XL; however, the pro-apoptotic proteins
NOXA and PUMA, which are known to bind to MCL-1, were induced (Figure 3-5A).
These data indicate that the synergy between DHA and BH3-mimetics depends mainly on
changes in MCL-1 expression and not on other anti-apoptotic proteins.

Direct Activation of HRI Represses MCL-1 and Synergizes with BH3-Mimetics
DHA repressed MCL-1 in an HRI-dependent manner, so we asked whether a
small molecule activator of HRI, BTdCPU [97], could also induce the repression of
MCL-1. Similar to DHA treatment, when BCR-ABL+ B-ALL cells were treated with
BTdCPU MCL-1 expression was repressed whereas BCL-XL expression was unaffected
(Figure 3-7A). Consistently, much less MCL-1 repression was induced by BTdCPU
treatment in the HRI-deficient leukemic cells indicating that BTdCPU induced an HRIdependent repression of MCL-1 (Figure 3-7A). Additionally, BTdCPU triggered the
integrated stress response and induced the downstream targets CHOP and ATF4 in wildtype, but not HRI-deficient BCR-ABL+ B-ALL cells (Figure 3-7A). These data indicate
that BTdCPU can activate HRI and induce MCL-1 repression.
Since BTdCPU can induce MCL-1 repression in an HRI-dependent manner, we
assessed whether it can synergize with BH3-mimetics in killing BCR-ABL+ B-ALL cells.
When BTdCPU was combined with either ABT-199 or ABT-263 it induced a synergistic
cell death response in wild-type BCR-ABL+ B-ALL cells (Figure 3-7B). However, in
HRI-deficient BCR-ABL+ B-ALL cells the synergistic combination of BTdCPU with
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Figure 3-6. HRI is required for the synergistic response of DHA and BH3mimetics
(A) WT or Eif2ak1-KO BCR-ABL+ B-ALL cells were treated with ABT-263 or ABT199 (0, 40, 80, 160 nM) alone or in combination with the indicated concentrations of
DHA for 24h. Viable cells were measured using Annexin-V and propidium iodide
staining. Data are the average of three experiments and error bars are SEM. Two-way
ANOVA with Bonferroni multiple comparison indicates significance p<0.0001****
between the DHA alone (0 nM ABT-263 or ABT-199) and 160 nM ABT-263 or ABT199 at indicated doses of DHA. The combination of DHA+ABT-263 showed a
statistically less synergistic response in Eif2ak1-KO (α=3.15, p=5.67e-06) as compared to
wild-type (α=5.41, p=7.5e-08) BCR-ABL+ B-ALL cells (p<10-5). The combination of
DHA+ABT-199 showed a significantly less synergistic response in Eif2ak1-KO (α=5.4,
p=1.16e-83) as compared to wild-type (α=7.96, p=2.7e-32) BCR-ABL+ B-ALL cells
(p<0.057). (B) MCL-1 WT or overexpressing (OE) BCR-ABL+ B-ALL cells were
treated with ABT-263 or ABT-199 (0, 40, 80, 160 nM) alone or in combination with the
indicated concentrations of DHA for 24h. Viable cells were measured using Annexin-V
and propidium iodide staining. Data are the average of four experiments and error bars
are SEM. Two-way ANOVA with Bonferroni multiple comparison indicates
significance p<0.05*, p<0.001***, p<0.0001**** between the DHA alone (0 nM ABT263 or ABT-199) and 160 nM ABT-263 or ABT-199 at indicated doses of DHA. The
combination of DHA+ABT-263 showed a statistically less synergistic response in MCL1OE cells (α=24.1, p=6.63e-62) as compared to MCL-1WT (α=29.8, p=2.05e-47) BCRABL+ B-ALL cells (p=0.00027). The combination of DHA+ABT-199 showed a
significantly less synergistic response in MCL-1OE (α=3.96, p=9.38e-75) as compared to
MCL-1WT (α=4.84, p=1.37e-39) BCR-ABL+ B-ALL cells (p=.0013).
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Figure 3-7. Direct activation of HRI represses MCL-1 and synergizes with BH3mimetics
(A) Wild-type (WT) or Eif2ak1-KO (HRI-deficient) BCR-ABL+ B-ALL cells were
treated with BTdCPU for 16h and protein expression was determined by immunoblotting
with indicated antibodies. (B) WT or Eif2ak1-KO BCR-ABL+ B-ALL cells were treated
with ABT-263 or ABT-199 (0, 40, 80, 160 nM) alone or in combination with the
indicated concentrations of BTdCPU for 24h. Viable cells were measured using
Annexin-V and propidium iodide staining. Data are the average of three experiments and
error bars are SEM. Two-way ANOVA with Bonferroni multiple comparison indicates
significance p<0.0001**** between the BTdCPU alone (0 nM ABT-263 or ABT-199)
and 160 nM ABT-263 or ABT-199 at indicated doses of BTdCPU. The combination of
BTdCPU+ABT-263 showed a statistically less synergistic response in Eif2ak1-KO
(α=0.435, p=1.16e-12) as compared to wild-type (α=0.66, p=2.826e-13) BCR-ABL+ BALL cells (p<0.05). The combination of BTdCPU+ABT-199 showed a statistically less
synergistic response in Eif2ak1-KO (α=1.66, p=3.79e-18) as compared to wild-type
(α=2.27, p=1.75e-26) BCR-ABL+ B-ALL cells (p<0.05).
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both BH3-mimetics was significantly attenuated (Figure 3-7B). Although synergy with
BTdCPU and BH3-mimetics was diminished by loss of HRI, there was still sensitization
observed indicating that BTdCPU has HRI-independent effects. These data indicate that
the activation of HRI by BTdCPU can induce synergistic leukemia cell killing in our
murine cell model of BCR-ABL+ B-ALL.

HRI Activation Synergizes with BH3-Mimetics in ALL Cell Lines
To assess whether activation of HRI can synergize with BH3-mimetic agents in
human Ph+ leukemia cells, BV-173 cells, were cultured with either DHA or BTdCPU.
Similar to our observations in mouse BCR-ABL+ B-ALL cells, treatment of human
leukemia cells with DHA or BTdCPU induced eIF2α phosphorylation, expression of
CHOP and ATF4, and repression of MCL-1 without altering BCL-XL expression
(Figure 3-8A). In murine BCR-ABL+ B-ALL cells, the repression of MCL-1 triggered
by either DHA or BTdCPU required the HRI-mediated activation of the integrated stress
response; therefore, we sought to determine whether human Ph+ acute leukemia cells
were similarly HRI-dependent. To this aim, EIF2AK1 (encoding HRI) was ablated in
BV-173 Ph+ leukemia cell lines by CRISPR/Cas9 and the cells were subjected to
treatment with DHA, BTdCPU, or thapsigargin (an inducer of the classical ER stress
pathway) [98]. As in mouse BCR-ABL+ B-ALL cells, loss of HRI expression prevented
the repression of MCL-1 expression in cells cultured with DHA or BTdCPU and blocked
the repression of ATF4 and CHOP (Figure 3-8B). In contrast, thapsigargin treatment
still repressed MCL-1 and induced ATF4 and CHOP in BV-173 cells lacking HRI,
confirming that the ER stress pathway does not depend on HRI (Figure 3-8B). These
data indicate that activation of HRI-mediated eIF2α phosphorylation pathway, by either
DHA or BTdCPU treatment, can cause MCL-1 repression and therefore should be able to
synergize with BH3-mimetics in human Ph+ leukemia cells. Consistent with these
findings, when BV-173 cells were cultured with either DHA or BTdCPU and combined
with BH3-mimetics (ABT-199 or ABT-263), the combined treatments were significantly
synergistic with both BH3-mimetics, but in BV-173 cells lacking HRI expression the
synergism was significantly reduced (Figure 3-9). Similar synergism between either
DHA or BTdCPU and BH3-mimetics were obtained in human TOM1, OP-1, and SUPB15 Ph+ leukemia cell lines treated in culture (Figure 3-10).
We next wanted to extend our findings to other poor prognosis subtypes of ALL.
To achieve this aim, we tested DHA and BTdCPU in a mouse cell line expressing fusion
oncoprotein drivers of Ph-like ALL. Mouse Ba/F3 cells stably expressing human PAX5JAK2, RCSD1-ABL1, or RCSD1-ABL2 fusions were treated with DHA or BTdCPU to
determine if MCL-1 was repressed [78]. Consistent with Ph+ leukemia cell lines, we
found that MCL-1 expression was repressed in response to DHA or BTdCPU in Ba/F3
cells expressing the Ph-like fusions (Figure 3-11). Additionally, eIF2α phosphorylation
was induced, ATF4 and CHOP were expressed, and BCL-XL protein was unaffected by
treatment with either DHA or BTdCPU. Since MCL-1 was repressed in the Ba/F3 cells
modeling Ph-like ALL, we next investigated whether there was a synergistic effect when
DHA or BTdCPU was combined with BH3-mimetics. As expected, synergy was
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Figure 3-8. HRI activation represses MCL-1 in human Ph+ BV-173 cells
(A) Human Ph+ BV-173 cells were treated with the indicated concentrations of DHA or
BTdCPU for 24h and protein expression was determined by western blotting. (B) Wildtype (WT) or a pool of EIF2AK1-KO (lacking HRI) BV-173 cells were treated with
DMSO (Control, C), DHA (5 µM), BTdCPU (BTd, 5 µM), or Thapsigargin (Thp, 100
nM) for 24h and protein expression was determined by western blotting.
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Figure 3-9. HRI activation synergizes with BH3-mimetics in human Ph+ BV-173
cells
WT or EIF2AK1-KO BV-173 cells were treated with ABT-263 (0, 5, 10, 20 nM) or
ABT-199 (0, 2.5, 5, 10 nM) alone or in combination with the indicated concentrations of
(A) DHA or (B) BTdCPU for 24h. Viable cells were measured using Annexin-V and
propidium iodide staining. Data are the average of 3 experiments and error bars are
SEM. Two-way ANOVA with Bonferroni multiple comparison indicates significance
p<0.0001**** between DHA or BTdCPU alone (0 nM ABT-263 or ABT-199) and 20
nM ABT-263 or 10 ABT-199 at indicated doses of DHA or BTdCPU. The combination
of DHA+ABT-263 showed significantly less synergistic response in BV-173 EIF2AK1KO (α=23, p=1.05e-03) as compared to BV-173 wild-type (α=94.2, p=1.66e-08) cells
(p<0.003). The combination of DHA+ABT-199 showed a less synergistic response in
BV-173 EIF2AK1-KO (α=1.58, p=2.54e-01) as compared to BV-173 wild-type (α=69.1,
p=4.49e-08) cells (p<0.003). The combination of BTdCPU+ABT-199 showed a less
synergistic response in EIF2AK1-KO (α=3.33, p=3.05e-02) as compared to wild-type
(α=12.3, p=5.53e-06) cells (p<0.003).
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Figure 3-10. HRI activation synergizes with BH3-mimetics in human Ph+ cell lines
Human Ph+ ALL cell lines (A) Tom1, (B) OP-1, and (C) SUP-B15 were treated with the
indicated concentrations of ABT-263 or ABT-199 combined with DHA or BTdCPU for
24h and viability was measure by Annexin-V and propidium iodide staining. Two-way
ANOVA with Bonferroni multiple comparison indicates significance P<0.0001****
between DHA or BTdCPU alone (0 nM ABT-263 or ABT-199) and 80 nM ABT-263 or
160 nM ABT-199 (for A and B) and 20 nM ABT-263 or 5 nM ABT-199 (for C) at
indicated doses of DHA or BTdCPU. Response surface modeling was used to assess
synergy of these drug combinations, indicated by an α value.
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Figure 3-11. HRI activation represses MCL-1 and induces the integrated stress
response in Ph-like ALL cell lines
Ba/F3 cells expressing the (A) PAX5-JAK2, (B) RCSD1-ABL1, or (C) RCSD1-ABL2
fusions were treated with the indicated doses of DHA or BTdCPU for 9h and protein
expression was determined by immunoblotting with indicated antibodies.
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observed in the Ba/F3 cells expressing the PAX5-JAK2, RCSD1-ABL1, and RCSD1-ABL2
fusions when DHA or BTdCPU was combined with BH3-mimetics (Figure 3-12).

HRI Activation Synergizes with BH3-Mimetics in Primary Patient-Derived
Xenografts of Human B-ALL
To confirm whether DHA or BTdCPU can lead to synergistic responses when
combined with ABT-199 or ABT-263 BH3-mimetics in primary patient leukemia, we
took advantage of primary patient derived xenografts (PDXs) established from patients
with Ph+ or EBF1-PDGFRB expressing Ph-like B-ALL. PDX cells isolated from
recipient mice were cultured overnight with either DHA or BTdCPU and either ABT-199
or ABT-263 BH3-mimetics. Similar to Ph+ human cell lines, the combination of either
BH3-mimetic agent synergized with both DHA and BTdCPU in Ph+ B-ALL patient
derived xenograft samples (Figure 3-13A). Consistently, EBF1-PDGFRB Ph-like PDX
cells also responded synergistically to the combination of DHA or BTdCPU with either
BH3-mimetic (Figure 3-13B). Additionally, in Ph+ and Ph-like PDX cells treated with
DHA or BTdCPU MCL-1 was repressed and ATF4 was induced (Figure 3-13C, D).
These data indicate that primary patient leukemic cells can respond to either DHA or
BTdCPU-induced synergism with BH3-mimetics agents in culture.

HRI Activation Represses MCL-1 and Synergizes with BH3-Mimetics in vivo
Since combining HRI activation by BTdCPU synergized with BH3-mimetics in
cultured mouse and human leukemia, we hypothesized that combining BTdCPU with
ABT-263 could prolong survival of mice bearing BCR-ABL+ B-ALL. To this aim,
C57/BL6 mice were injected with BCR-ABL+ B-ALL cells followed by treatment on day
5 after transplant with either vehicle, BTdCPU (400 mg/kg), ABT-263 (100 mg/kg), or a
combination of BTdCPU and ABT-263. Treatments continued daily for 14 days during
which mice were monitored. Recipient mice receiving vehicle or either BTdCPU or
ABT-263 alone exhibited rapidly progressing leukemia and all mice from these cohorts
required euthanasia within 13 days after leukemia injection due to progressive leukemia
irrespective of treatment regimen. In contrast, recipient mice treated with the
combination of BTdCPU and ABT-263 for 14 days exhibited significantly prolonged
survival (Figure 3-14A). Complete blood counts from peripheral blood on day 9
revealed that mice receiving vehicle or BTdCPU alone had higher white blood cell counts
(WBCs) whereas those mice receiving the combination treatment had statistically lower
WBCs than vehicle treated recipients (Figure 3-14B). These data indicated that the
combination of BTdCPU and ABT-263 reduced the leukemia burden in recipient mice.
Mechanistically, BTdCPU triggered the repression of MCL-1 in cultured human
and mouse leukemia. We thus investigated whether BTdCPU could induce the
repression of MCL-1 expression in mice by treating leukemia bearing recipient mice
daily with BTdCPU. After 8 days of treatment the bone marrow was isolated, lysed, and
assessed for protein expression by immunoblot analyses. The expression of MCL-1 in
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Figure 3-12. HRI activation synergizes with BH3-mimetics in Ph-like cell lines
(A) PAX5-JAK2, (B) RCSD1-ABL1, or (C) RCSD1-ABL2 expressing Ba/F3 cells were
treated with the indicated drugs for 24h. Viable cells were measured using Annexin-V
and propidium iodide staining. Data are the average of three experiments and error bars
are SEM. Two-way ANOVA with Bonferroni multiple comparison indicates
significance P<0.0001**** between DHA or BTdCPU alone (0 nM ABT-263 or ABT199) and 160 nM ABT-263 or ABT-199 at indicated doses of DHA or BTdCPU.
Response surface modeling was used to assess synergy of these drug combinations,
indicated by an α value.
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Figure 3-13. HRI activation synergizes with BH3-mimetics and represses MCL-1
in PDX ALL cells
(A) Ph+ 10940 or (B) EBF1-PDGFRB Ph-like patient derived xenograft (PDX) cells were
treated with the indicated concentrations of ABT-263 or ABT-199 alone or in
combination with DHA or BTdCPU for 16h. Viable cells were measured using AnnexinV and propidium iodide staining. Data are the average of four experiments and error bars
are SEM. Two-way ANOVA with Bonferroni multiple comparison indicates
significance P<0.0001**** between DHA or BTdCPU alone (0 nM ABT-263 or ABT199) and (40 nM ABT-263 or ABT-199) (for A) or (10 nM ABT-263 or ABT-199) at
indicated doses of DHA or BTdCPU (for B). (A) The combination of DHA+ABT-263 or
ABT-199 showed synergistic response in Ph+ PDX cells (α=1.3, p=2.11e-08) and
(α=1.28, p=1.15e-07) respectively. The combination of BTdCPU+ABT-263 or ABT-199
showed synergistic response in Ph+ PDX cells (α=0.672, p=9.34e-03) and (α=0.98,
p=2.45e-05) respectively. (B) The combination of DHA+ABT-263 or ABT-199 showed
synergistic response in Ph -like cells (α=0.739, p=6.89e-10) and (α=0.629, p=1.66e-12)
respectively. The combination of BTdCPU+ABT-263 orABT-199 showed synergistic
response in Ph -like cells (α=0.432, p=1.37e-04) and (α=0.18, p=5.69e-04) respectively.
(C) Ph+ 10940 or (D) Ph-like EBF1-PDGFRB cells were treated with the indicated
concentrations of DHA or BTdCPU for 16h and protein expression was determined by
western blotting.

42

43

Figure 3-14. HRI activation represses MCL-1 and synergizes with BH3-mimetics
in vivo
Mouse BCR-ABL+ B-ALL cells were injected into unconditioned C57/BL6 recipients.
After 5 days, the mice were divided to 4 treatment groups: vehicle, BTdCPU alone (400
mg/kg), ABT-263 alone (100 mg/kg), and combined BTdCPU+ABT-263. Mice were
treated daily for 14 days. (A) Kaplan-Meier survival curve the cohorts of mice (n=9 at
least for each treatment group). Log-rank test shows p<0.0001**** for combined
treatment group. (B) Total white blood cell (WBC) count in peripheral blood of mice
treated with the indicated groups on day 9 after leukemia injection. Each bar represents
the average WBC count of the indicated group. Error bars indicate the standard error of
mean at least 9 mice per group. Unpaired t-test indicates significance between vehicle
and combined treatment group p<0.0001****. (C) Bone marrow from recipient mice
treated with either vehicle or BTdCPU was harvested and immunoblotted for indicated
proteins.

44

the bone marrow from leukemic mice treated with BTdCPU was significantly decreased
when compared to that from mice treated with vehicle alone, whereas BCL-XL
expression was unaffected by BTdCPU treatment (Figure 3-14C). Furthermore, cells
from mice treated with BTdCPU also exhibited elevated expression of ATF4 indicating
the eIF2α pathway was activated (Figure 3-14C).
Despite 14 days of treatment, the mice from the combination treatment group
eventually succumbed to fatal leukemia as determined by immunohistochemical staining
for expression of Pax5 and B220 on B-ALL cells (Figure 3-15A). We therefore
investigated if the leukemia cells in mice treated with the combination of BTdCPU and
ABT-263 had acquired resistance to treatment. To complete this analysis, bone marrow
from vehicle or combination treated mice were harvested, expanded, and then re-treated
in culture in a synergy assay. Leukemia cells isolated from both mice treated with
vehicle and the combination of BTdCPU and ABT-263 still showed a synergistic
response to the treatment when treated ex vivo, indicating that the leukemia had not
acquired resistance during the in vivo treatment (Figure 3-15B). Taken together, these
data indicate that activation of the HRI signal transduction pathway in vivo by BTdCPU
can slow leukemia progression when combined with BH3-mimetic agents by repressing
MCL-1 expression.
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Figure 3-15. Cells do not acquire resistance to HRI activation combined with BH3mimetics in vivo
Mouse BCR-ABL+ B-ALL cells were injected into unconditioned C57/BL6 recipients.
After 5 days, the mice were divided to 4 treatment groups: vehicle, BTdCPU alone (400
mg/kg), ABT-263 alone (100 mg/kg), and combined BTdCPU+ABT-263. Mice were
treated daily for 14 days. (A) Immunohistochemistry from spleens of mice bearing BCRABL+ B-ALL treated with either vehicle or BTdCPU + ABT-263 at the time of sacrifice,
stained as indicated. (B) Bone marrow harvested from mice treated with either vehicle or
the combination of BTdCPU and ABT-263 was harvested and re-cultured with BTdCPU,
ABT-263, or a combination of the two. After 24h, viability was measured by Annexin-V
and propidium iodide staining. Two-way ANOVA with Bonferroni multiple comparison
indicates significance P<0.0001**** between DHA or BTdCPU alone (0 nM ABT-263)
and 160 nM ABT-263 at indicated doses of DHA or BTdCPU. The combination of
BTdCPU+ABT-263 showed synergistic response on cells recovered from mice treated
with vehicle (α=0.863, p=3.05e-10), BTdCPU+ABT-263 (α=2.58, p=2.36e-01) and in
BCR-ABL+ B-ALL cells (α=0.697, p=1.39e-13).
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CHAPTER 4.

DISCUSSION

Targeting MCL-1 in Cancer
MCL-1 is among the most frequently amplified genes in human cancer [5]. This
coupled with the role it plays in many other cellular processes, makes MCL-1 an
attractive therapeutic target; however, there may be toxicities associated with full
inhibition of the protein. MCL-1’s structure makes development of specific inhibitors
challenging, due to lack of surface features suitable for targeting. Although in recent
years there has been progress in the development of MCL-1 inhibitors by structure
guided drug discovery, there have also been setbacks. One problem with evaluating the
safety and efficacy of these drugs is due to the difference in affinity for mouse and human
MCL-1. The first MCL-1 inhibitor to show in vivo activity, S63845, binds to human
MCL-1 with an affinity of around 6 times greater than that of mouse MCL-1 [20]. So,
although there seem to be no toxicities associated with treating mice with this MCL-1
inhibitor, it doesn’t necessarily translate directly to what we may see when humans are
treated. One possible way to get by this problem is to evaluate safety in the newly
developed humanized MCL1 mouse. This mouse has the mouse Mcl1 gene replaced with
the human MCL1 gene, allowing MCL-1 inhibitors to be evaluated for safety in a way
that more accurately represents human treatment with these drugs [99].
A common theory as to how direct MCL-1 inhibitors may be used safely involves
the identification of an appropriate “therapeutic window”. This is the idea that although
genetic deletion of MCL1 may be toxic to many organs, including the heart, inhibiting the
protein for more brief periods of time may not have the same detrimental effects. This
may be true, and the humanized mouse model may certainly aid in determining what an
appropriate level or time of inhibition could be; however, thus far, MCL-1 inhibitor trials
have had setbacks. Both Amgen MCL-1 inhibitor clinical trials were placed on hold due
to cardiac toxicities, indicating that even though these drugs are inhibiting the protein for
therapeutic windows, we still may not be able to avoid cardiac toxicities associated with
direct inhibition of MCL-1. These problems stress the importance of finding alternate
ways to target this protein.

Dihydroartemisinin
DHA has been shown previously to be a way to alternatively target MCL-1 [32].
DHA represses MCL-1 protein translation in BCR-ABL+ B-ALL, a cancer known to
depend on MCL-1 for survival. Our data now reveal that this is through an HRIdependent induction of the integrated stress response. We show that DHA disrupts the
interaction between heme and HRI, which allows HRI to become an active kinase,
phosphorylate eIF2α, and ultimately shut down global cap-dependent protein translation.
Due to the rapid turnover properties of MCL-1, this allows for a repression of MCL-1,
and not the other BCL-2 family members. It is possible that other short-lived proteins in
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the cell may be affected similarly to MCL-1, and this remains an open question for future
studies.
The repression of MCL-1 through the mechanism of HRI activation (by DHA or
BTdCPU) appears to be well tolerated. DHA combined with ABT-263 was previously
shown to be well tolerated and effective in the treatment of mice bearing BCR-ABL+ BALL [32], and here we show that BTdCPU combined with ABT-263 gives a similar
result. This mechanism of MCL-1 repression, rather than direct inhibition of the BH3binding pocket, may represent a safer way to target the protein. This has major
implications in the field of cancer biology; MCL-1 plays a role in so many types of
cancer and the direct inhibition appears to be too toxic to tolerate in patients. The
repression of the protein by DHA may be a safe way to target the protein, while still
allowing enough expression to fulfill its functions in the body aside from preventing
apoptosis in cancer cells.

Cellular Stress Response Pathway

Heme Sensing Pathway
This study represents the first time the cellular heme pathway has been linked to
MCL-1. By genome-wide CRISPR screening, we show that heme synthesis is required
for the induction of apoptosis by DHA. This led us to find that DHA acts to repress
MCL-1 by disrupting the interaction between heme and HRI, thus activating HRI. We
further show that the activation of HRI, by DHA and the direct activator BTdCPU, can
lead to an MCL-1 translational repression.
Heme Levels in Cancer Cells. In addition to the possibility of targeting MCL-1
by the HRI heme-sensing pathway being safer, it may also be more selective to cancer
cells compared to other cells. It is known that some cancer cells have increased heme
synthesis and expression of genes involved in the heme synthesis pathway, [85] including
both solid tumors and hematological malignancies [85, 100]. One example is seen in
pediatric AML cells where it was shown that these patients exhibit increased expression
of genes involved in heme biosynthesis, including ALAD, HMBS, UROS, UROD,
CPOX, PPOX, and FECH [85]. Additionally, UROD expression predicted poor overall
survival and earlier death among adult AML patients. Although we have not yet tested
the efficacy of DHA in killing AML cells, this study would suggest that DHA could be
efficacious and more selective to AML cells, because they have higher expression of
heme synthesis genes.
An example of solid tumor cells having increased heme synthesis can be seen in
lung cancer [100]. It has been shown that non-small cell lung cancer cells have increased
heme synthesis and elevated ALAS1 expression compared to normal lung epithelial cells
[100]. Based on our data showing that DHA more potently targets cells with higher
amounts of heme synthesis, one could imagine that DHA may be selective for these cells,
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or any type of cancer cells that have higher heme levels, compared to non-cancerous
cells. This again speaks to the potential safety of DHA; it may be more toxic to cancer
cells due to their higher heme levels, and; therefore, safer to use because it may not affect
normal cells as potently.
Targeting the Heme Sensing Pathway. In addition to DHA, there could other
ways to target this heme sensing pathway. Although BTdCPU is a small molecule
activator of HRI, it is not necessarily a drug, it provides evidence that the activation of
HRI by other compounds leads to the same result of MCL-1 repression. There is interest
in generating drugs which activate HRI specifically, and there have been recent advances
in the development of HRI activators with improved biophysical properties, based on
cLogPs [101]. Though these new drugs were shown to phosphorylate eIF2α and induce
CHOP in melanoma cells, there is currently no in vivo data available. The authors of this
drug discovery study argue that HRI activators would be useful in the context of
hemoglobin disorders, such as β-thalassemia. Our data provides evidence for the use of
these in the context of Ph+ and Ph-like B-ALL, and potentially any other cancers
dependent on MCL-1. Furthermore, our data highlights the importance of further
development of HRI activators because of the possibility of such a wide range of use.
MCL-1 has been shown to be important in such a broad range of cancers so one can
imagine the impact of the development of a specific activator of HRI that could be used
in the clinic. Additionally, we show that the combination of HRI-mediated MCL-1
repression synergizes with BH3-mimetics, including FDA approved ABT-199. This
again highlights the impact of this discovery that HRI activation can lead to synergy with
approved drugs, by implying how useful an HRI specific activator could be.
Another way HRI could possibly be targeted is through decreasing heme levels,
such as with SA. We show that the treatment with SA does lead to an MCL-1 repression,
though it does take longer than repression by DHA (Figure 3-5D). In fact, we are not the
first to show a relationship between SA and the BCL-2 family. Lin, et al [102] showed
through a CRISPR screen that the loss of heme synthesis sensitizes cells to venetoclax.
They went on to show that SA combined with venetoclax kills AML cells in a synergistic
manner. Although they speculated that this effect was due to mitochondrial defects and
electron transport chain dysfunction, they did not investigate the role of MCL-1 in this
process. We would argue that the sensitization to venetoclax by SA is due to a reduction
of heme, which activates HRI and represses MCL-1, thus sensitizing the cells to the
BCL-2 inhibition. The combination of results from our studies could be impactful in
multiple ways. First, if it is true that SA sensitizes cells to other drugs by repressing
MCL-1, it highlights a way we can target MCL-1 (through heme synthesis inhibition).
Second, these studies suggest that the combination of HRI activation and BH3-mimetics
is synergistic in AML cells. This is important, as it adds to the potential types of cancer
this pathway could be exploited in.
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Targeting Other Kinases
In addition to HRI, there are three other kinases of eIF2α. We would speculate
that activation of any of the other three would lead to a similar MCL-1 repression and
synergy with BH3-mimetics. We, and others, have shown that thapsigargin, an activator
of PERK through ER stress, induces MCL-1 repression (Figure 3-8B) [103].
Thapsigargin is an investigational tool, not an actual drug, but it does support the thought
that other methods of ISR activation could repress MCL-1. There are other drugs being
developed to target this pathway. One recent study tested MK-28, which is a specific
PERK activator, suggested to interact with the PERK activation loop, and was shown to
have favorable pharmacokinetics and penetrate the mouse blood brain barrier [104].
Again, this drug was not generated with the idea of using it to repress MCL-1 but we
would argue that MCL-1 repression could be induced by it.
Other PERK activators have been shown to induce apoptosis in cancer cells.
CCT020312, a selective PERK activator, was shown to induce eIF2α phosphorylation,
induction of and ATF4 and CHOP, and induced apoptosis in a human breast cancer cell
line [105]. This study also suggested the PERK activator led to an induction of BAX and
a repression of BCL-2, though they did not speculate on a mechanism, and they showed
no data on MCL-1 expression. The results of our work highlight the importance of
further investigation and development of these agents for potential use as drugs to target
MCL-1 through alternative mechanisms.

Potential for Combinatorial Uses
Another possible impact of our work is the potential for DHA to be used in
combination with other therapeutics. DHA is an already approved anti-malarial drug
used around the world; therefore, one can imagine it would be safe to use for treatment of
other diseases. We have demonstrated the synergistic effect of combining DHA with
BH3-mimetics, this is important because it could reduce toxicities associated with these
drugs, and it could prevent MCL-1 from generating resistance to these drugs. We would
also speculate that DHA could be used in combination with other approved drugs which
MCL-1 is known to cause resistance in.

BH3-Mimetics
Venetoclax is an FDA approved BCL-2 inhibitor for which MCL-1 is a known
resistance factor [106]. Our data shows that the combination of DHA synergizes with
venetoclax due to the repression of MCL-1. Treating patients with this combination may
avoid the development of resistant disease because MCL-1 will be unable to compensate
for the BCL-2 inhibition. When cells are exposed to venetoclax the upregulation of
MCL-1 is believed to generate resistance [107]; by combining the inhibition of MCL-1
by DHA with venetoclax the potential for MCL-1 upregulation should be prevented and
the development of resistance should be less-likely.
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Navitoclax is an inhibitor of BCL-2, BCL-XL, and BCL-W, and although it is
potent in killing cancer cells, it has associated toxicities. On-target inhibition of BCL-XL
leads to thrombocytopenia; thus, limiting the clinical viability of navitoclax. Our data
strongly supports the idea that navitoclax would be potent in the clinic when combined
with DHA. This synergistic effect may be useful because it allows navitoclax to be used
at a much lower concentration than what would be effective as a single agent, which may
be low enough to avoid causing toxicities. This could be incredibly impactful because
much work has been done on the development and pre-clinical studies of effectiveness
across many types of cancer, and by combining DHA with navitoclax it may allow this
drug to safely reach the clinic and effectively treat patients.

Approved Therapeutics
Again, MCL-1 is a known resistance factor of many cancer therapeutics. This
highlights potential uses of DHA in combination with many drugs. It has been shown
that silencing MCL1 (by siRNA) can sensitize various types of cancer cells to approved
therapeutics including vemurafenib, imatinib, gefitinib, crizotinib, and lapatinib, and that
treatment with these drugs induces a dependence on MCL-1 [11]. The combination of
DHA with these drugs may be beneficial because, again, the DHA would repress MCL-1
and prevent development of resistance due to the increased dependence on its expression.
It is also important to note that these drugs are approved; so you would imagine that the
combination of DHA with any of these should be safe, as each are safe as single agents,
though this would need to be evaluated for confirmation.

Therapeutic Impact
We show improved efficacious treatment of both Ph+ and Ph-like B-ALL with
DHA combined with BH3 mimetics. Both subtypes need new therapeutic options, due to
emergent resistance and treatment challenges. Though tyrosine kinase inhibitors are a
promising treatment option for Ph+ ALL, resistance does emerge; and Ph-like ALL has
the additional challenge of understanding what kinase to target. Our data demonstrate
that DHA could be a valid option for both poor-prognosis leukemia subtypes. The
treatment of these cancers with the combination of DHA and BH3-mimetics should have
a major impact on the ALL field. DHA and BH3-mimetics would be a broader treatment
option which would potentially prevent the emergence of resistance. The broad treatment
by DHA and BH3-mimetics may also be more applicable to the Ph-like subtype because
it does not come with the burden of figuring out what to target in these cells. We have
shown this combination is effective against cells with the Pax5-Jak2, RCSD1-ABL1, and
RSCD1-ABL2 fusions, as well as PDX cells with the EBF1-PDGFRB fusion. This is
important as it highlights the notion that this treatment is effective in Ph-like ALL cells
harboring a variety of the mutations seen in this disease.
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CHAPTER 5.

FUTURE DIRECTIONS

Spectrum of Cancers Sensitive to DHA
One aspect of this project that remains to be investigated is the diverse range of
cancers in which this treatment could be effective. Based on the amount of cancers that
are known to be dependent on MCL-1, either for initiation or survival, one could imagine
DHA being an effective treatment strategy in many cancers; however, this is yet to be
confirmed. Additionally, it would be interesting to note if this would be effective in both
solid tumors and hematological malignancies, or if it is limited to one tumor type.

AML
AML is a disease in which the survival rate is much poorer than that of B-ALL.
The BCL-2 family has long been associated with AML and is known to be involved in
disease pathogenesis and resistance to therapeutics. Studies have shown that the
combination of MCL-1 inhibition with BH3-mimetics is effective in killing AML cells
[22] so it is easy to imagine that DHA combined with venetoclax would be an effective
treatment. Additionally, it has been shown that the combination of heme synthesis
inhibition with venetoclax is toxic to AML cells [102]. Though this study did not
investigate the role of MCL-1 expression, we would argue that the heme synthesis
inhibition would repress MCL-1, and the combination of DHA with BH3-mimetics
would give the same result. We do have evidence of DHA leading to an MCL-1
repression and ATF4 induction in a panel of human AML cell lines, indicating that the
results presented in B-ALL cells hold true in this cancer as well; however, the synergy of
DHA and BH3-mimetics remains to be experimentally evaluated (Figure 5-1).

Multiple Myeloma
Multiple myeloma is another disease in which it would be interesting to evaluate
the effects of DHA treatment. The response rate for newly diagnosed patients to frontline
treatment, dexamethasone, is roughly 42%, highlighting the importance of finding new
therapeutics for this disease [108]. It is known that some multiple myeloma cell lines,
H929 cells for example, are dependent on MCL-1 for survival. This would indicate that
repression of MCL-1 by DHA could be an effective treatment. Additionally, it has been
shown that dexamethasone resistant multiple myeloma cells are sensitive to BTdCPU
[108]. Again, this study did not comment on MCL-1 expression, but we would argue this
sensitivity could be due to MCL-1 repression. BTdCPU is not an approved drug but it
would be interesting to see if DHA provided the same sensitivity, and if the combination
of DHA with BH3-mimetics would be effective in this type of cancer.
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Figure 5-1. DHA represses MCL-1 in a panel of human AML cell lines
Human AML cell lines (CHRF-288-11, OCI-AML3, U937, THP-1, MOLM-13) were
treated with 1.25 µM or 10 µM DHA for 24h and protein expression was determined by
immunoblotting with indicated antibodies.
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Breast Cancer
A third cancer that would be interesting to evaluate the effects of DHA in would
be breast cancer. It has been shown that MCL-1 plays a role in the development of
chemotherapy resistance in breast cancer stem cells [109], so it would be easy to imagine
that DHA could be effective in treating breast cancer. Additionally, MCL-1 inhibitors
have been shown to be effective in some breast cancer cells as a single agent or in
combination with other available therapies [20, 110]. It would also be interesting to see
if MCL-1 is repressed in solid tumor cells in vivo by DHA, or other HRI activators. We
show that MCL-1 is repressed in bone marrow taken from leukemia bearing mice treated
with BTdCPU, but it has not been examined if solid tumor cells taken from mice treated
with DHA or BTdCPU would have a repression of MCL-1. If this were found to be true,
it would broaden the scope of potential uses of DHA dramatically.

The Separation of ISR Activation and Apoptosis
Our genome-wide CRISPR screen revealed that DHA requires both heme
synthesis and intrinsic apoptosis to kill BCR-ABL+ B-ALL cells. We have thoroughly
investigated the connection between heme and the HRI pathway leading to MCL-1
repression; however, we still do not know what role certain genes of the apoptotic
pathway are playing. DHA represses MCL-1 at much lower concentrations than what it
needs to induce apoptosis, indicating that the way DHA influences the two pathways may
be different. We also know that both NOXA and PUMA are induced by DHA, but
neither were a hit in the CRISPR screen, indicating that as a single gene knockout they
may not be required for DHA to induce apoptosis.
As an anti-malarial, DHA acts by inducing ROS; one could hypothesize that to
kill cancer cells, DHA generates ROS, which leads to DNA damage, activation of p53
and induction of its downstream targets NOXA and PUMA. We have shown that ROS
induction plays no role in the induction of apoptosis in these cells or the repression of
MCL-1 (Figure 5-2A, B) [32]. DHA does induce ROS, which can be scavenged using
the superoxide dismutase mimetic, MnTMPyP; however, this provides no protection to
DHA induced apoptosis (Figure 5-2A, B). Additionally, in the presence of ROS
inhibitors, we still see p53 and PUMA induction, as well as γH2AX, which is indicative
of DNA double stranded breaks (Figure 5-2C, D). Therefore, it is possible that DHA is
inducing DNA damage independent of ROS induction. This DNA damage could be
responsible for a p53 and subsequent NOXA and PUMA induction. Investigating this
mechanism of DNA damage could provide more insight into how DHA kills cells as a
single agent, as compared to how it works synergistically through the repression of MCL1.
In addition to the hypothesis that DNA damage is responsible for the p53
induction, there is also a possibility that p53 is being activated through a pathway
involving heme. A recent publication shows that p53 can be activated by a decrease in
heme [111]. The authors claim that excess cellular iron levels lead to increased heme
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Figure 5-2. DHA-induced apoptosis is ROS independent
BCR-ABL+ cells were pre-treated with the indicated doses of ROS scavengers
(MnTMPyP, NAC, MnTBAP) for 2h, DHA was then added to the cells for 16h. (A) ROS
was measured by staining with DHE and analyzing by flow cytometry. Two-way
ANOVA with Bonferroni multiple comparison indicates significance p<0.05*,
p<0.0001**** between 50µM MnTMPYP and no scavenger controls. (B) Viability was
measured by Annexin-V and propidium iodide staining. Two-way ANOVA with
Bonferroni multiple comparison indicates no significant differences (ns). (C-D) Protein
expression was determined by immunoblotting with indicated antibodies.
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levels; this heme can then bind p53 and trigger its nuclear export, through CRM1, and
ubiquitin mediated degradation. Conversely, during iron deprivation, p53 is not bound to
heme or degraded; therefore, it is upregulated and its tumor suppressor function is
increased. If this heme dependent regulation of p53 is true, then it is possible that DHA
binding to heme prevents the heme-mediated degradation of p53, allowing it to be
stabilized and active. To test this hypothesis, a similar experiment to that of the heme
and HRI spectroscopy experiment could be performed. If heme is generally leading to
the degradation of p53 by direct binding, when we add heme and p53 together we would
expect to see a Soret peak formed. Then, if DHA is disrupting the binding which is
allowing p53 to be stabilized and active when we add DHA to the p53 and heme we
should see a loss of the Soret peak. This would indicate that DHA is inducing p53
activity through prevention of its binding to heme and subsequent degradation.
Another interesting aspect of signaling downstream of DHA treatment is the
induction of NOXA and PUMA. Although p53 can induce NOXA and PUMA, they can
also both be induced because of ISR induction. NOXA and PUMA are both proapoptotic proteins which are known to be able to bind to MCL-1. Because BCR-ABL+
B-ALL cells are known to be dependent on MCL-1 for survival it is reasonable to
hypothesize that as a single agent, DHA induces the ISR, which leads to an induction of
NOXA and PUMA, allowing them to increase binding with MCL-1, ultimately leading to
cell death. Though we have not tested this hypothesis, it would be interesting to see if
DHA treatment increased the binding of NOXA and PUMA to MCL-1 by
immunoprecipitation. Furthermore, repeating the experiment on Eif2ak1 KO cells would
shed light on the hypothesis that the ISR induction could be responsible for the NOXA
and PUMA induction.

Potential Effects of DHA
We have focused most on the mechanism by which DHA acts to repress MCL-1;
however, there is the potential for other effects of DHA that we have not uncovered. We
have shown that HRI activation represses MCL-1 translation. This effect is made
possible by the short-lived nature of the MCL-1 protein. It is rational to imagine that any
other short-lived protein may be affected like MCL-1. We have shown that the other
anti-apoptotic members of the BCL-2 family are unaffected; however, it is known that
they have a much longer half-life. It would be interesting to investigate if any other
short-lived proteins are repressed, and based on their function, possibly try to exploit
their repression as a therapeutic.
Another potential effect of using HRI activation, by DHA or other drugs, as a
cancer therapeutic is the possibility that it will affect non-cancerous cells. Both DHA and
BTdCPU in combination with ABT-263 extended survival in leukemia bearing mice
without any overt toxicities. This is encouraging; however, we did not look at ISR
activation in non-cancerous cells. It is possible, that DHA more selectively targets cancer
cells due to higher heme levels, however, we did not fully investigate this possibility. It
would be interesting to note if CHOP and ATF4 are induced in normal hematopoietic

56

cells in response to DHA and determine if MCL-1 is repressed in those cells. Even if
MCL-1 is repressed in normal cells, we would predict that it would still not be as toxic as
a direct inhibitor of MCL-1. We saw no evidence of toxicities in mice treated with DHA
or BTdCPU including that of cardiac failure, but it would still be important to note if
there is ISR induction in non-cancerous cells after DHA treatment.

DHA and Heme Interaction
Another open question relates to how exactly DHA interacts with heme to disrupt
the heme and HRI interaction. We showed by spectroscopy on purified proteins that
DHA disrupts the interaction between heme and HRI; however, we did not investigate
how this is taking place. Based on its mechanism as an anti-malarial, it is possible that
DHA binds to the iron in heme which may block the heme and HRI interaction site. One
can imagine that to test this hypothesis, an iron chelator could be used to sequester
cellular iron, and if this prevents any induction of ISR activation by DHA, you could
conclude that DHA must interact with the iron from heme to block the HRI and heme
interaction. Determining how exactly DHA blocks the interaction of heme with HRI
could be useful in drug development. Rather than trying to generate a drug that directly
binds to and activates HRI, a drug could be designed to bind heme and/or iron to prevent
the HRI-heme interaction, thus activating HRI. It is unclear as to if this would be safer or
more effective than direct HRI activation, but it could be worth exploring.

Investigation of Potential Drug Combinations
An interesting aspect of DHA, or HRI activation by other mechanisms, that we
have not yet explored is the potential number of drugs with which it could synergize.
Thus far, we have only looked at synergy between DHA and BH3-mimetics, but we
would predict that these are not the only class of drugs with which DHA may synergize.
It would be interesting to see if DHA could synergize with any frontline treatments which
are already approved and currently used in the clinic. Due to the dependence of Ph+ BALL on MCL-1 and the development of resistance to TKIs, the combination of HRI
activation and TKIs could be an effective therapeutic option. It has previously been
shown that the combination of DHA and dasatinib is effective in treating mice bearing
BCR-ABL leukemia; including BCR-ABLT315I which is resistant to dasatinib as a single
agent [40]. This supports the idea that HRI activation could be effective in combination
with FDA approved TKIs. Another potential therapeutic combination could be DHA and
prednisolone. Silencing MCL-1 has been shown to play a role in sensitizing ALL cells to
prednisolone, therefore it would be reasonable to hypothesize that repressing MCL-1 by
DHA would give the same sensitization [112]. Due to the role of MCL-1 in drug
resistance it would be reasonable to evaluate the synergy between DHA and any drug in
which MCL-1 is known to confer resistance to. This would be an interesting avenue to
explore, because if synergy is found between DHA and any other approved agents you
would imagine that this combinatorial treatment would be able to move rapidly to the
clinic due to both agents being approved drugs. Also, if it is found that DHA synergizes
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with many agents it could be used as a standard chemotherapeutic in a wide array of
cancer types.
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